Stereochemistry and mechanism in the hydrolysis of Co(III)amine complexes by Cresswell, Pearson John
STEREOCHEMISTRY AND MECHANISM 
IN THE HYDROLYSIS OF CO(III)AMINE COMPLEXES 
A Thesis 
submitted for the degree of Doctor of Philosophy, 
in the Australian National University 
by 
Pearson John Cresswell 
May 1974 
The work described in this thesis is the candidate's own 
except as otherwise stated. 
Research School of Chemistry 
Australian National University 
Canberra A.C.T. 
Pearson Cresswell 
PREFACE 
This thesis covers work on problems related to the kinetic and 
stereochernical behaviour of Co (III)amine complexes. The general 
background to the work and the nature of the problems is described in 
Chapter 1 and the succeeding chapt ers. detail several different approaches 
to the solution of these prob lems. Chapter 6 describes structural 
calculations perfonned by t he strain energy minimisation technique, the 
results of which are used from time to time throughout the work. 
i 
ACKNOWLEDGEMENTS 
The work described in this thesis was performed in the Research 
School of Chemistry of the A.N.U., to whom the author is indebted for the 
award of a Research Scholarship. Financial assistance to attend .conferences 
in Brisbane, Camden and Broadbeach is also acknowledged. 
Sincere thanks are due to my supervisors, Drs. A. M. Sargeson and 
D. A. Buckingham for their guidance and discussion in all aspects of this 
work. Also to the Microanalytical Units of the R.S.C. and John Curtin 
School of Medical Research who performed the elemental analyses , to Mr. G. 
18 
Turner (C.S.I.R.O., Division of Plant Industry) who determined o mass 
spectra, Dr. H. A. McKenzie (J.C.S.M.R.) for measurements with the Cary 60 
polarimeter and to the photographic section of the R.S.C. ·who prepared 
many of the figures in this thesis. My thanks go to Mr . A. J . Herlt who 
prepared many of the starting materials and to Dr. P.A. Marzilli who 
prepared the ground and left a legacy of valuable materials. 
Structural calculations were performed using the programs and 
assistance of Drs. M. F. 'Dwyer and G. J. Gainsford and computing facilities 
were provided by the Computer Centre, A.N.U .. 
A 
en 
trien 
tren 
trenen 
tetraen 
Metrenen 
cyclam 
MS 
PNBS 
TFMS 
'Tris' 
DMSO 
Abbreviations 
ammonia, absorbance 
1,2-diaminoethane, c2H8N2 
l,8-diamino-3,6 diazaoctane, c6H18N4 
tris (aminoethyl)amine, c6H18N4 
1, 8-diamino (3-aminoethyl)-3,6 diazaoctane, c8H23N5 
1,11 diamino-3,6,9-triazaundecane, c8H23N5 
1,8-diamino (3-aminoethyl, 6-methyl)-3,6-diazaoctane, c9H25N5 
1,4,8,11-tetra-azacyclotetradecane 
methanesulphonato, CH 3so3 
paranitrobenzenesulphonato, p-No2c6H4 .so3 
trifluoromethane sulphonato, CF 3so3 
Tris(hydroxymethyl)amino methane 
dimethyl sulphoxide 
CHAPTER 1 
1.1 
TABLE OF CONTENTS 
GENERAL INTRODUCTION 
Hydrol ys is reactions of Co(III) complexes 
1.2 The Mechanism of Base Hydrolysis of Co(III)amine 
A 
B 
C 
D 
1.3 
1.4 
CHAPTER 2 
2.1 
2.2 
2.3 
2.4 
2.5 
A 
B 
C 
D 
A 
B 
C 
D 
2.6 
2.7 
CHAPTER 3 
3.1 
3.2 
3.3 
complexes 
The Rate Law 
Deprotonation of the substrate 
Activation of the conjugate base 
The Intermediate 
Nomenclature 
Ionic p roduct of water and D2o 
THE PREPARATION AND PROPERTIES OF CO(III)PENTAAMINE 
COMPLEXES CONTAINING GOOD LEAVING GROUPS 
Introduction 
Synthesis 
Aquation reactions 
. ( ) 2+ Proper t ies of Co NH 3 5oso2x 
Base hydrolysis reactions 
Competition experiments 
18 O Tr acer experiments 
ions 
2+ 
Summary of chemistry of Co(NH
3
)
5
oso2x ions 
Properties of Co(trenen)oso2x
2
+ ions 
2+ 
Base hydrolysis of Co(trenen)oso2cH3 2+ Co(trenen)oso2cH3 Proton exchange of 
3+ Co(trenen)OD2 ions 2+ Co(trenen)oso2cF 3 Base hydrolysis of 
Proton exchange of 
Concl usions 
2+ Co(trenen)oso2cF3 
Experimental Section 
and 
2+ 
HYDROLYSIS REACTIONS OF Co(Metrenen)Cl IONS 
Introd uction 
Base hydrolysis and proton exchange results 
Hg2+ Stereochemistry: induced aquation 
Page 
1 
1 
6 
6 
8 
13 
15 
20 
23 
25 
25 
27 
29 
30 
30 
31 
33 
36 
36 
36 
39 
43 
44 
47 
48 
55 
55 
56 
57 
TABLE OF CONTENTS (Cont'd) 
3.4 
3.5 
3.6 
3.7 
CHAPTER 4 
4.1 
4.2 
4.3 
4.4 
CHAPTER 5 
5.1 
5.2 
5.3 
A 
B 
C 
CHAPTER 6 
6.1 
6.2 
6.3 
A 
B 
C 
D 
6.4 
CHAPTER 7 
7.1 
Stereochemistry of spontaneous aquation 
Stereochernistry of base hydrolysis 
Discussion 
Experimental 
THE SITE OF DEPROTONATION IN THE BASE HYDROLYSIS 
2+ OF Co(tren) (NH
3
)Cl IONS . 
Introduction 
Results 
Discussion 
Experimental section 
THE STEREOCHEMISTRY OF THE BASE HYDROLYSIS OF 
2+ 
s-Co(trenen)oso2cH 3 
Page 
58 
59 
59 
63 
65 
65 
66 
68 
72 
76 
Introduction 76 
2+ B~se hydrolysis of s-Co(trenen)MS in the presence 
of azide ion 76 
Kinetics 76 
Product analysis 78 
Discussion 80 
2+ Stereochemistry of Co(trenen)OH from base hydrolysis 83 
STRAIN ENERGY MINIMISATION CALCULATIONS 94 
Introduction 94 
The Technique 98 
Results 102 
Co(tren) (NH
3
)cl 2+ _isomers 102 
2+ 2+ 
s-Co(trenen)Cl and s-Co(Metrenen)Cl 103 
2+ 2+ p-Co(trenen)Cl and p-Co(Metrenen)Cl 106 
-2+ 2+ 
t-Co(trenen)Cl and t-Co(Metrenen)Cl 108 
Conclusion 110 
CONCLUDING REMARKS 112 
Fast leaving groups 112 
TABLE OF CONTENTS (Cont'd) 
7.2 
7.3 
Site of deprotonation in Base Hydrolysis 
St ereochemistry 
Page 
114 
117 
CHAPTER 1 
GENERAL INTRODUCTION 
1.1 Hydrolysis r e a ctions of Co(III) complexes 
The substi t ution chemistry of metal complex ions has mostly been 
studied in aqueous solution. This is not surprising since the ionic 
species are frequently rather soluble in water with only limited solu-
bility in organi c solvents. Hydrolysis reactions are therefore an 
important feature of the chemistry of complex ions· and much research has 
been devoted to thei r characterisation and to understanding their 
. · 1-5 
mechanisms. 
lt is perhaps for largely historical reasons that cobalt(III) 
comp.lexes have received the most attention. The heritage left by Werner 
in known compounds and their behaviour was too great to be ignored and 
Co(III) substitution has to some extent become the model for substitution 
in other inert metal ion systems. This position may well prove unjusti-
fied in the long term and should be viewed with some suspicion now. 
Nevertheles s the Co(III)amine complexes have some very desirable 
features for kine t i c studies of the style contemplated in this thesis. 
Notably the amines are inert to exchange and substitution. A wide range 
of substituents can be added to the co-ordination sphere and stereo-change 
is frequently obse rved in the reactions. 
In the general context of inorganic octahedral chemistry it is 
pertinent to point out that intermediates, 5 or 7 co-ordinate, have 
nowhere near the same status or characterisation that comparable three 
and five co-ordinate species have in carbon chemistry. For this reason 
the characterisation of such species in especially important and this 
thesis makes some a ttempt to help remedy that deficiency. 
The hydrolysis reaction of Co{III) complexes can be broadly 
categorised into four pathways: spontaneous aquation, acid catalysed 
aquation, induce'd aquations and base catalysed hydrolysis. 
2 
Spontaneous aquation is a pH independent process which follows the 
first order rate law 
anticipated for simple solvolysis reactions. The evidence is that this 
is · a largely dissociative pathway though it does not support a discrete 
five co-ordinate intermediate. 
Acid catalysed and induced aquations can be considered as special 
cases of the spontaneous reaction in which the lability of the leaving 
group is improved by some chemical modification. Acid catalysis is 
2+ 
observed for Co(NH3) 5x complexes where X = F, N3 , RCOO and others. 
It is assumed that the ligand is protonated and that this improves its 
lability. Induced aquations are typified by the following example: 
where the great affinity of mercuric ion for halide leads to attack on 
the co-ordinated halide generating HgCl+ as a good leaving group. A 
similar reaction involves modification of co-ordinated azi de by 
nitrosyl ion. 
Some of the characteristics of the different aquati on pathways can 
be judged from competition experiments. If the aquati on reacti on i s 
-performed with nucleophiles, Y (e.g. Cl, N03 , NCS ) , other t han water 
in solution then the products may include some Co-Y complex as well as 
Co-OH2 • 
617 In spontaneous aquations there is generally little if any 
competition except with very good leaving groups. I nduced aquations on 
the other hand show very extensive competition, typically 10-20% of 
Co(NH 3) 5Y
2
+ formed f or r eaction of a pentaammine system in I.MY-. Some 
competition ratios f or competition between chloride ion and water are 
listed below. Here t he competition ratio 
3 
R = 
can be considered as the ratio k /k in the reaction scheme. Cl H
2
0 
2+ A5CoX 
-x I 
a Reacting system 
-+ 
2+ + A
5
CoOCNH 2 + NO II 
-+ 
0 
+ 
a At 25°, µ = lM 
A5Co
3
+lo~tN2 + H20 
0 
-+ + t ~ 2+ N 0 A5Co NH C-OH II 
0 
-+ 
b spontaneous aquation, µ = 0.5 M. 
R 
0.24 
0.21 
Ref. 
7 
7 
8 
6 
The competition ratios for a variety of induced aquation reactions 
have been found to be very sirnilar7 and this is interpreted in terms of 
th f · f · d' 3+ e orrnation o a common interrne iate A5co . Such reactions for 
pentaamine complexes have been found in many cases to go with retention 
9-11 
of stereochemistry, probably indicating a square pyramidal intermediate. 
+ For complexes of the type Coen2XY there may be stereochange but here too 
the nature of the products indicates a ·common intermediate. For example 
4 
-+ 
,. . 2+ H-cis[Coen2N3 (H 2O)] 84% 
2+ 
tra1s[Coen2N3 (H 2o)] 16% 
In contrast, s pontane ous aquations show little or no competition 
except in cases where the leaving group is esp:cially labile (eg. 
OP(OCH3 ) 3 ). It would seem that some degree of bond making to water is 
required to assis t removal of the leaving grou_p, and that this prevents 
entry of other nuc l eophiles. Acid catalysed a~uation has not been 
extensivety studied but its characteristics might be expected to be 
somewhere b e tween the appropriate spontaneous path and the very efficient 
induced reactions, or even equivalent to the induced aquations. 
In terms o f mechanism then the various aquation reactions range 
from close to limiting SNl for the induced path towards SNid for 
spontaneous aquations depending on the lability of the leaving group. 
Base hydrolysis is a base catalysed pathway with the typical 
stoichiometry and rate law below: 
+ OH -+ 
2+ Co(NH
3
) 5OH + X 
The obs e rved ratr~ law has been interpreted in terms of an SN2 
process involving direct attach of OH on the Co(III) centre 
+ 
-+ (NH 3 ) 5Co --~ X 
OH 2+ (NH 3 ) 5coOH + X 
to form a s even co-ordinate activated complex or even a seven co-ordinate 
intermediate . Se condly it has been interpreted in terms of unimolecular 
dissociation of a conjuqate base (SNlCB mechanism). 
5 
2+ K Co(NH3 ) 4 (NH 2)X 
+ 
eg. Co(NH 3 ) 5X + OH + H2o (1) 
k 2+ Co(NH3 ) 4 (NH 2)X 
+ 
.. Co(NH3 ) 4NH 2 + X (2) 
2+ fast 2+ Co(NH 3 ) 4NH 2 + H2o + Co (NH 3 ) 5oH ( 3) 
In this case the function of the hydroxide ion in the rate law is to form 
a conjugate base (CB) of the substrate, by deprotonation of an amrnine, 
which reacts subsequently by a dissociative pathway (SNl). Alternatively 
an SN2CB mechanism c_an be accommodated if the conjugate base decays via 
an associative (SN2) pathway. 
The key points differentiating these various mechanisms are the 
role of the hydroxide ion, as a nucleophile or a base, and the formation 
of a five co-ordinate or seven co-ordinate intermediate. 
All the evidence at this stage appears to support an SNlCB 
mechanism. A rather definitive experiment in this respect is provided 
by the work of Green and Taube. 12 In water there is a substantial 
equilibrium constant for the isotope fractionation. 
K = 1.040 
Analysis of the isotopic distribution of the oxygen of co-ordinated water 
2+ in the products of base hydrolysis of the ions Co(NH3) 5x where X = Cl, 
Br, N0
3 
showed identical results for the three ions such that 
[160]/[180] . h d d t F = in y roxo pro uc = 1.0056 
[16o]/[ 18o] in solvent water 
That only one value is observed for the three ions with no dependence on 
th,: properties of the leaving group is compatible with a common intermediate, 
as required in an SNlCB mechanism, but is difficult to rationalise in terms 
In addition, the fact that the value of Fis very close to 1 
6 
inqicates that the intermediate is interacting with solvent water as the 
substituting nucleophile. If hydroxide ion were the entering nucleophile 
then the co-ordinated water should show the isotopic distribution of 
oxygen in the hydroxide ion in solution, that is F"" 1.040. Since 
hydroxide ion is clearly not the attacking nucleophile, an SN2 process 
can be eliminated as a possible mechanism. The appearance of a common 
intermediate likewise makes an SN2CB mechanism most improbable. 
Assuming at this stage the operation of an SNlCB mechanism in base 
hydrolysis, the properties of the reqction will be discussed in relation 
to this and other possible mechanisms under the headings of rate law, 
deprotonation of the substrate, activation of the conjugate base and 
properties of the intermediate. 
1.2 The Mechanism of Base Hydrolysis of Co(III)arnine complexes 
1.2A The Rate Law 
The general reaction scheme for base hydrolysis by dissociation of 
a conjugate base is as follows: 
This does not allow a general algebraic solution for the rate law 
except by numerical integration methods. However solutions do exist for 
certain limiting cases: 
(i) If k 1 << k 2 and k 3 then deprotonation is the rate determining step 
(ii) 
(iii) 
7 
and the overall rate should be kobsd = k 1 [OH]. This situation 
has been claimed for hydrolysis of trans-Co(cyclam)Cl
2
+ where 
4 -1 -1 
the rate constant is 6.7 x 10 M sec at 25° and only slightly 
13 
more than one proton is found to have exchanged in the product. 
General base catalysis is p·ossible in . this limit and is observed 
in a + modest way for trans-Co(cyclam)Cl2 • 
If kl < k 2 
>> k 
3 
then proton exchange is established rapidly and 
a small concentration of the conjugate base exists. Application 
of the steady state approximation to this situation yields a rate 
law of .the form 
k 
obsd 
Frequently for Co(III) complexes k 2 >> k3 so that the rate law _ 
simplifies to 
k 
obsd 
or kobsd = k 3 [OH] K /K if K. is the dissociation a w a 
constant of the co-ordinated amine. 
The third and most common limit is to consider the deprotonation 
as a pre-equilibrium and this gives a rate law 
-
kobsd = k 3K[OH ]/(1 + K[OH ]) 
Deprotonation very much faster than hydrolysis is frequently 
-
observed and the observed rate law is kobsd = k OH[OH] even up to 
- 2+ 14 lM[OH] for Co(NH3 )~Cl • This implies that the term K[OH] in 
the denominator is not significant (i.e. <0.05) and one may deduce 
that Ka< 10-15 (K = Ka/Kw) so that the concentration of the 
conjugate base is very small. In this case k O8 = k 3K. 
Greater concentrations of the conjugate base can arise if the 
co-ordinated amine is more acidic. . 2+ In the case of c~s-Coen2 (PhNH 2 )Cl 
the pKa of co-ordinated aniline is -10. At pH~8 k O8 for hydrolysis of 
8 
4 -1 -1 this species is 2.3 x 10 M sec (at 25°) but as the pH i s raised towards 
10 the first order dependence of the hydro lysis r a t e cons t a nt on [OH] 
l S 
vanishes as the substrata becomes largely deprotonated. General base 
catalysis has been reported for this reaction but should not occur as l ong 
as the deprotonation step is at equilibrium. The high second order rate 
constant for hydrolysis of cis-Coen2 (PhNH 2)cl
2
+ relative to cis-Coen2 (NH 3)cl
2
+ 
(3.3 M-l sec-1 ) can be attributed to the acidity of co-ordinated aniline 
and indicates that aniline is the deprotonated ligand in the ac t ivated 
conjugate base. 
Thus the full range of behaviour can be observed, from deprotonati on 
as the rate determining step to actual observation of the deprotonated 
reactant, but by far the most common situation to date i s a rate l aw f irst 
-14 
order in [OH) where K < 10 and H- exchange is much faster t han a 
hydrolysis. 
1.2B Deprotonation of the substrate 
In aqueous media the function of hydroxide ion in the reaction is 
as a specific base for deprotonation of one of the amines. The typical 
base hydrolys i s rat e law is only observed for complexes with exchangeable 
protons, i.e. wi th amine or water ligands. Complex ions such as 
+ 16 + 2- 17 
Co(Py) 4c1 2 , Co(bipy) 2c1 2 and Co(CN) 5Cl hydrolyse in basic 
solution by di fferent pathways, a fact which clearly militates against an 
SN2 mechanism for the general path. 
Complexes with exchangeable protons are always found to exchange 
them with sol ve nt protons at a rate at least as fast and usually very much 
faster than the r ate of base hydrolysis so that the formulation of 
equation (1) as a rapid pre-equilibrium preceding the rate determining 
18 
step (2) is quite reasonable. However there are indications of systems 
for which the deprotona tion step (1) may be becoming rate-determining and 
9 
one of these, t~ane-Co(cyclam)Cl 2+ , has already been mentionea.
13 
The need for a good base (necessarily OH in water) as a catalyst 
for base hydrolysis is demonstrated by two experiments. In anhydrous 
DMSO nucleophilic substitutions of the type 
-+ 
(Y = N3 , No2 , SCN) are very slow, but in the presence of catalytic 
quantities of OH 19 are very fast. 
because the anions Y are very slow 
An SN2 process can be discounted 
to enter Coen2No2
oH+ which would be 
required as an intermediate. Hydroxide is a very much more efficient base 
th·an the other anions Y but its nucleophilic properties are not so 
different. 
A similar conclusion arises from a comparison of the catalytic 
activity of the OH and HO 2 ions.
20 Hydroperoxide ion is a very powerful 
nucleophile but a poorer base than OH and will remove hydroxide i on fr om 
solution via the equilibrium 
OH + H O ' H O + HO 2 2 , 2 2 K 'v 150 
Experimentally it i s found that addition of peroxide to solutions of 
Co(NH
3
)
5
c1 2+ in aqueous sodium hydroxide substantially reduces the rate 
of hydrolysis. Fr om this it is inferred that the concentration of the 
deprotonated reacta n t is reduced relative to the OH catalysed path and 
that the conjugate b ase path is preferred over nucleophilic attack. 
A problem tha t remains to be solved with regard to deprotonation 
is the stereochemi stry of this step. In an octahedral complex the 
deprotonation can in general be at a site either cis or trans to the 
leaving group. Experimentally it is found that these sites are not 
equivalent. 
Actual pKa's of the co-ordinated amines in water are not 
21 
measurable and hence must be >14, but in the absence of pKa data proton 
10 
exchange rates in o2o are taken as a measure of relative acidity. The 
assumption involved here is a direct proportionality between pKa and 
log k h; such linear free energy .relationships are common in many 
exc 
proton-transfer reactions, 22 especially for analogous acid systems. 
An estimate for the pKa of co-ordinated amines may be made by 
comparison with the values for hydroxonium ion (pKa - 1.25) and ammonium 
ion (pKa 9. 25) . Typical pKa's for water co-ordinated to Co(III) are 5 
for tripositive ions and 7 for dipositive 24 If the factor ions. one uses 
1011 . ' 'd' for + + a guide, of increase in aci ity H30 over NH4 as then the pK a 
of co-ordinated ammonia should be 'vl6 for a 3+ ion and 'vl8 for a 2+ ion. 
An alternative comparison is with the ammonium (pKa 9.25) and anilinium 
ion + (PhNH 3 , pKa 4.58 ). Here there is a · difference of 10
4
•
67 in acidity. 
The pKa for co-ordinated aniline in cis-Coen2 (PhNH2)c1
2
+ is about 10 leading 
. 2+ 
to an estimate of -14. 5 for the pKa of ammonia in c~s-Coen
2
NH
3
Cl • Clearly 
such comparisons suffer from a rather wide margin of error but pKa's in the 
range 14-17 are indicated. 
Measurements of the rates of proton exchange at the different sites 
2+ for Co(NH3 ) 5x complexes (X = F, Cl, CH3co 2 , CNS, No2 , CN) show a distinct 
difference in the acidity of the four cis ammines (equivalent) and the 
t . 25 rans amrnine. The order and magnitude of this difference shows a 
dependence on X. For X =For Cl however the trans amrnine is found to be 
'v50 times more acidic than the cis amrnines. It appears to be a general 
characteristic of Co(III)amine chloro complexes, that for equivalent amines 
h t h hl 1 . d h 'd' 25 t ose rans tote c oro igan are t e most aci ic. 
When chelating amines are used instead of ammonia, two effects are 
seen. As the ion is generally less symmetrical than the simple 
pentaarnrnine the cis amines cease to be equivalent in terms of chemical 
type and also in terms of acidity. The trans amine is however still more 
acidic than any of the cis amines and the difference between them tends to 
I 
I 
I 
11 
increase wi th i ncreasing chelation. These points are illustrated in 
Table 1.1. 
TABLE 1.1 
( ) 2+ 34 oa Proton Exchange rat e c o nstants for Co N 5c1 complexes a t 
Ion 
-1 -1 
cis-k00 , M sec 
-1 - 1 trans-k00 , M s e c trans/cis 
2+ 
s-Co(trenen)Cl 
1 104 .9 X 
4.9 X 104 1 3 107 • X 
1.1 X 105 (NH 3 + 1 X NH 2) 1.1 X 10
7 (1 X NH2). 
5.3 X 104 (2 X NH 2 ) 
5 9 
<10 (2 X NH 2 ) 5.7 X -10 (1 X NH) 
'v50 
47 0 
100 
a Using KD O 
2 
-15 
= 3 .80 X 10 . 2+ All d ata from Ref. 25 excep t s-Co (t renen) Cl , 
Ref. 26. 
In certain cases there can be no doubt as to t h e site o f 
deprotonation in the reactive conjugate base. Complexes o f t he trans-
+ + dichloro typ e (trans-Coen2c1 2 , trans-Cocyc l amcl 2 ) have only cis amines. 
h d 1 . f h 1 . . d . 13 d 1 1 Base y ro ysis or t ese comp exes is a rapi reaction an c ear y 
goes by deprotonation of a cis amine s~te. Recent work with 
+ trans-Co(ddn)Cl 2 (ddn = (RS)-l,9-diamino-3,7-diazanonane) suggests that 
27 deprotonation in this case is at one of the secondary amine centres. 
Another situation where the cis deprotonated conjugate base must be 
used is where the amine trans to the leaving group is a tertiary amine 
with no protons. In these cases too base hydrolysis can be quite rapid 
and some exampl es will be discussed later in this thesis. One must 
conclude therefore that a cis deprotonated conjugate base can be a 
substrate for hydrolysis. 
12 
Of more interest is to know the stereochemistry of the conjugate 
. base when there i s the op t i on of either a c~s or a trans site for 
deprotonation. There do no t appear to be any complexes known for which 
trans deprotonation would b e the only possible route, but one assumes 
.that it is a viable one. 
Indeed in the chemis t r y of analogous Rhodium (III) complexes one 
finds that a trans amine with excha ngeable protons is required for base 
h d 1 . d ' dl 28 y ro ysis to procee rapi y. . 2+ Thus c~s-Rhen2pyCl reacts with base 
. + 
ve-ry much more rapidly than the trans isomer and for Rh(tren)Cl 2 loss 
of only one of the -chloro ligands in base is observed. In this case one 
Cl is trans to a tertiary amine centre with no exchangeable protons and 
it is assumed that this Cl is the kinetically inert species. For Rh(III) 
a cis-deprotonated conjugate base seems to be very much less effective 
than the trans analogue. 
Returning to Co(III) chemistry , it has already been noted that 
amines trans to a chloro ligand are more acidic than those that are cis. 
Hence the deprotonation equilibrium must produce a higher concentration 
of the trans conjugate base in s o lution. While there is no requirement 
that the most abundant conjugate base furnishes the path to hydrolysis 
there is some evi dence to support this hypothesis. A good example already 
mentioned in anothe r context is the cis-Coen2 (PhNH 2)cl
2
+ ion which in the 
pH range 8-10 exists in significant concentrations as the aniline 
d d . b 15 eprotonate c onJugate ase. This ion hydrolyses some seven thousand 
. 2+ 
times faster than Co(NH3 ) 5c1 , an acceleration which can only be explained 
in terms of the inc r e ased concentration of conjugate base. 
Another example which will be of more concern later is the hydrolysis 
f th ( 2+ . o es-Co trenen) Cl ion. For this ion deprotonation at the trans amine 
is ~10 5 times faster tha n deprotonation of cis amines. 26 In this context 
it is difficult to imagine that the reactive species is that deprotonated 
13 
cis to the leaving group which is ~10 5 times less abundant. Moreover, 
this would be required to be ~10 6 times more reactive than the species 
deprotonated trans to account for the majority of the reaction by this 
route. 
To summarise, deprotonation appears to be an essential step in the 
process of base hydrolysis of Co(III) amine complexes. . Deprotonation c~s 
to the leaving group certainly can lead to a labile conjugate base and 
one expects that deprotonation trans will do the same. The problem is to 
gauge the relative efficiencies of these two routes -and this theme will 
be pursued later in this thesis. 
l.2C Activation of the conjugate base 
Base hydrolysis has been observed for Co(III)acido pentaammine 
complexes with a wide range of acido substituents (e.g. NO 2 < N ~ 3 
-NCS ~ RCO 2 < SCN ~ Cl < Br < I < NO3 , arranged in order of lability). 
-6 
Rate constants for base hydrolysis of these species fall in the range 10 
-1 -1 
to 10 M sec at 25°. Spontaneous aquation rate constants for the same 
-9 -1 · -4 -1 
species range from <10 sec to 10 sec • If the pKa's of the ions 
5 7 
are about 16, this represents an activation by a factor of 10 to 10 for 
the conjugate base relative to the fully protonated substrate. Clearly 
some explanation is required for this phenomenon. 
A comparison of rate constants . for the aquation of various 
+ -Coen2LC1 ions for a variety of nonlabile substituents (L =OH, N3 , Cl 
etc.) shows a considerable variation with the nature of L, but if these 
values are compared with an estimated rate constant for aquation when 
L = NH 2 (from base hydrolysis of Coen2NH 3c1
2
+) it is immediately apparent 
that co-ordinated amide (or (en-H) ) is a very much more efficient 
activating group (see Table 1.2). 
14 
TABLE 1. 2 
Rate constants for aquation of some 
+ -1 a 
Co(en) 2Lcl ions at 25° (sec ) 
L . trans C'l,8 
Cl 2.4 X 10-4 3.5 X 10-5 
N3 2.0 X 10-
4 2.2 X 10-4 
OH 1.2 X 10-2 1.6 X 10-3 
- - 10 2-10 3 NH 2 (or (en-H) ) 
a. Data from Ref. 1 pp. 171-2, 182 and works 
cited therein. 
The electronic structure and properties of such species are not 
well understood. Proton exchange rates for a variety of Co(NH3 ) 5x
2
+ ions 
25 
are not very sensitive to the nature of the group X. Hydrolysis rates 
on the other hand are very sensitive to X. Arguments based on relative 
electron donating or accepting power of X do not correlate with rates of 
H-exchange or with prnr chemical shifts. Clearly the time for a full 
understanding of this aspect of the ions is not yet at hand. 
The particularly high activating power of the NH 2 species may be 
-
attributable to its very high basicity (NH 2 >> OH >Cl). This could 
cause activation of the conjugate base purely as an inductive effect. 
An alternative explanation has been that in the five co-ordinate 
intermediate the lone pair of the amide nitrogen could overlap with 
vacant d orbitals on cobalt, giving an intermediate stabilised by TT 
b d . 21 on ing. 
15 
This effect presumably is mirrored in the transition state in the form 
that as X leaves, donation of the N lone pair of electrons to cobalt 
commences leading to stabilisation of the transition state. 
This aspect of the base hydrolysis mechanism is subject to much 
uncertainty. In particular it is found for - the s-Co(trenen)Cl 2+ ion 
that the chirali ty of the secondary amine centre is maintained in the 
course of hydrolysis even though it seems almost · certain that this 
t . d d . th t' · b 26 cen re is eprotonate in e ac ive conJugate ase. 2 In this c·ase sp 
hybridisation of the amide nitrogen is not seen so that formal TT bonding 
apparently does not occur • . 
Another well documented means of activating the conjugate base is 
by steric strain. It has been shown that the Co(CH3NH 2 ) 5c1
2
+ ion 
4 2+ hydrolyses some 10 times faster in base than Co(NH3 ) 5c1 , though proton 
exchange rates for the two are similar. 29 It has been shown that there 
is considerable crowding of the methylarnine ligands in this ion which is 
partially relieved by distortion of Co-N-C bond angles to 120-124° from 
30 
the normal tetrahedral angle (~109°). Such crowding would also be 
relieved by stretching the Co-Cl bond as is expected for the activated 
complex, thus lowering the activation energy for hydrolysis relative to 
2+ Co(NH 3 ) 5cl . This effect is manifested in the increased rate of 
reaction. These observations are inconsistent with an S 2 ors 2CB N N 
mechanism for which the activated complex would be more crowded than the 
ground state. 
1.2D The Intermediate 
It was mentioned earlier that the measurement of the fractionation 
16 
f 16 /18 . ( ) 2+ . . o O O in Co NH 3 5oH obtained by base hydrolysis of various 
Co(NH 3 ) 5x
2
+ (X = Cl, Br, N0 3 ) ions gave identical results for all three 
ions and that this was taken as indicative of a common intermediate. 
When these ions (X = Cl, Br, I, N0
3
) were base hydrolysed in the 
- - - -presence of nucleophiles, Y, other than water (Y = N3 , SCN, N02 , OAC, 
2- 3 31 
so4 , Po4 -) competition was observed between the various nucleophiles 
for the intermediate with formation of some Co(NH
3
)
5
Yn+ as well as 
2+ Co(NH3 ) 5oH • This supports the proposal for a five co-ordinate inter-
mediate. The amount of competition varied slightly with Y but was 
independent of X, within experimental error, indicating that a common 
intermediate is formed with the different leaving groups. 
Many - experiments have been done to investigate the stereochemistry 
of the products of base hydrolysis and it has always been found that the 
products formed are indepen_dent of the leaving group. 
15 Pentaammine complexes have been studied using NH
3 
as a 
32 15 2+ 
stereochemical marker. Base hydrolysis of trans-Co(NH
3
)
4 
NH
3
x 
(X = Cl, Br, N03 ) gave 50% stereochemical change in each case. 
n+ The system Coen2XY (X a labile ligand, Y nonlabile) is revealing 
in terms of stereochemistry because there are both cis and trans isomers 
and also the possibility of chirality in the cis isomers. For a wide 
range of both X and Y it has been shown11133134 that the ratio of all 
these in the products of base hydrolysis is constant for any reference 
group Y no matter what the leaving group X. Similar conclusions arise 
from a study of competition products with other nucleophiles. 
The characteristics of the intermediate that appear are that it 
is essentially five co-ordinate. Competition experiments indicate that 
the intermediate is not very discriminating between nucleophiles 31 so 
that its lifetime is probably fairly short. The fact that competition is 
17 
-
almost nonexistent for well solvated nucleophiles (e.g. F, NH 3) as 
-
compared to 5-l0% of competition product formed in IMN 3- or NCS , suggests 
that abstraction of a nucl<'ophllo (or ~;olvent)· from t·h t-· surrounclinq so1vt•1\t 
sheath may be the step determining the lifetime of the intermediate. 'I'he 
same effect is observed more clearly for the Co(NH3 ~5
3
+ intermediate (from 
induced aquation reacti.ons) with a wide range of competitors . 
The discriminatory powers of the intermediate can be increased if 
. . . . . . d d ( 2+ it is stabilised. A sterically hin ere substrate such as Co CH
3
NH
2
)Cl 
can relieve some steric strain in the five co-ordinate state. Base 
hydrolysis of this materia1 29 in the presence of lM N; yields 50% azido 
2+ product compared to only 10% for the analogous Co(NH
3
) 5cl . 
A problem which remains to a large degree unsolved however is the 
stereochemistry of the intermediate. The two types of regular geometry 
that can be assumed by a five co-ordinate species derived from an 
octahedral complex are the square pyramid and the trigonal bipyramid 
-x 
A 
A - · -1· · · .. ··A 
:"-. ,,/• 
· Co , 
. .,,.,, ~· A .. - .... - . A 
or 
A 
I .... A .. . . .:,,,, . 
A~Co.,........, 
... ·····1·-~A' 
A 
With some allowance for distortion from regular symmetry these two basic 
geometries can account for all of the stereochemistry observed in these 
systems. In general one would expect that nucleophilic attack on a square 
pyramidal intermediate would occur only at the vacant site at the base of 
the pyramid, i.e. with retention of configuration. 
A trigonal bipyramidal intermediate on the other hand is open to 
attack at any of three sites in the trigonal plane. Depending on the 
symmetry of the intermediate, these sites may be inequivalent giving the 
possibility of stereochemical change. 
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Amine complexes of Co( III) a r e char acterised by stereochange on 
base hydrolysis s o that one or more trigonal bipyramidal intermediates 
are usually called upon to expla i n the obs erved products. However all 
the existing data could be accommodated by an irregular intermediate if 
attack by the incomi ng nuc l eophi le is allowed at several sites. 
For example in the simple pent aamrnines a single intermediate 
varying in susceptibi lity to attack from different directions is sufficient 
to explain the observation of 50% s tereochernical change in the hydroxo 
d ( . 15 k ) 3 2 pro ucts using NH 3 as a mar er. The chiral complexes cis-Co(en) 2XYn+ 
in general require t wo regul a r i ntermediates formed in varying amounts, · 
depending on Y if Xis the labile ligand , to explain the mixture of chiral-
. 11 
cis, racemate-cis and t r ans products observed. 
r N m+ 
N-.__ I 
Co-Y 
·n+ 
. N.,-/ I (N 7 LN N-.__ I _...........x 
Co 
1\.-cis + trans 
N......-----1 ~y 
~ N fl LN 
1\.-cis 
(N>r~N 
y 
61\.-cis 
A single irregular intermedia t e would also be sufficient to generate all 
the required stereochemistries. 
Most of the complex ions studied in this present work contain 
amine ligands of a t r ipodal nature, typified by "tren", a class of ligands 
which is well known t o stabilise trigonal bipyrarnidal structures. 35 
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Hence loss of a ligand in any of t hes e s ystems is e xpected to lead to 
collapse of the octahedron towards a tri gona l b i pyrarnid, if this is 
possible. 
An important issue for the stereochemis try of the intermediate is 
the point of deprotonation, since thi s may be a major source of the 
asymmetry that determines stereochemical change. An as yet unanswered 
question is whether the five co-ordinate int ermediate remains a 
deprotonated conjugate base for its lifeti me or whether it is rapidly 
deprotonated. 
The · rates of deprotonation and reproto n a tion 
BH + OH < 
are linked by the expression 
= k •Kw 
k 
+H 
k 
+H -H ·-Ka 
B 
h ' . . f d . 1 23 were Ka, Kw are dis s ociation constants o r BH an wa ter respective y. 
Hence for a typical 6 -1 -1 Co(III)arnine complex with k ~10 M sec , 
-H k will be +H 
1 8 -1 'f . ~ 0 sec i Ka is 16 -14 6 -1 ~10 (Kw= 10 ) or ~10 sec if Ka ~10 14 • One has 
no information at all concerning the proton exchange characteristics of 
the intermediate but if i t resemb l es the parent substrate in behaviour 
-6 -8 
one might expect a l i f etime o f 10 - 10 sec for the deprotonated 
intermediate, which may be sufficiently long for reprotonation not to be 
competitive with nucleophilic attack. Since it appears that the 
i n termediate scavenges the first available nucleophile with little 
6 8 -1 d i scrimination this process may indeed be faster than 10 -10 sec and 
perhaps close to diffusion controlled (~10 10 sec-1 ). 
Alternatively the arnido group may be stabilised by some form of TT 
bonding to the metal, 21 effectively reducing the rate of reprotonation. 
Such stabilisation would not be possible in the substrate where the sixth 
ligand is still intact. If this occurs then nucleophilic attack could be 
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some o+ders of magnitude slower and still not be in competition with 
reprotonation. On the whole the evidence at this time is for a very short 
lived intermediate with a lifetime comparable to the relaxation time of 
its ionic atmosphere. 
Two experimental results bear on this question. In one case it 
has been shown that the distribution of azido products derived from 
nucleophilic attack by N3 
· 
2+ · d' · · d d ion on Coen2NH 2 ~nterme iates is in epen ent 
of the concentration of azide, indicating that nucleophilic attack and 
. d' . . . 11 rearrangement of the interme iate are not in competition. Hence 
-
rearrangement is either much faster or much slower than entry of N3 • 
. 15 2+ Base hydrolysis . of trans-Co(NH 2 ) 4 ( NH3 )cl leads to a mixture of 
cis and trans hydroxo products in the ratio 1:1. 32 Clearly therefore the 
five ammines never become stereochemically equivalent in the intermediate, 
for this should lead to a statistical distribution of the products in the 
ratio 4:1 cis:trans. The inequivalence can be maintained, either by 
maintenance of the deprotonated amido group throughout the life of the 
intermediate which may or may not rearrange, or, if reprotonation is fast, 
by retention of the configuration of the intermediate. 
The conclusion is that at least one of the two processes, 
reprotonation and rearrangement of the intermediate, must be slower than 
nucleophilic attack. 
This has been a brief summary of the features of hydrolysis of 
Co(III)ammine complexes highlighting those aspects pertinent to this 
thesis. The following section introduces the nomenclature necessary to 
characterise the molecules dealt with later and includes some new trivial 
nomenclature to describe the structure of complex chelates. 
1.3 Nomenclature 
Much of the work described in this thesis is concerned with isomers 
21 
of Co(III) complexes containing polydentate amines. At this stage it is 
convenient to present the nomenclature rules that will be used throughout. 
. . n+ 
All the complexes are of th~ general type Co(N5 )x , where N5 is 
any mixture of ammonia or .polydentate amines filling five of the 
co-ordination sites on the metal atom and Xis one of a variety of 
anionic substituents, oi; water, filling the sixth co-ordination site. 
Naming of linkage isomers is determined principally by the type of amine 
ligand co-ordinated in the position · trans to the substituent X. This may 
be either a primary, secondary or tertiary amine and the isomers are 
denoted p-, s- or t- accordingly. 
R 
\ 
H N-Co-X 2 
p-
R 
I 
HN-Co-X 
I 
R' 
s-
R R' 
\/ 
N-Co-x 
I 
R" 
t-
Absolute configuration of the octahedral complexes is defined 
36 
according to the IUPAC rules, viz: 
"The two ligating atoms of a chelate ring define a line. Two such 
lines for a pair of chelate rings define a helix. One line is the axis 
of the helix and the other is the tangent of the helix at the common 
normal ·of the skew lines. The tangent describes a right-handed (~) or a 
left handed (A) helix with respect to the .axis and thereby defines the 
configuration." 
B A--1--A 
B 
~ or cS A or A 
The conformation of chiral chelate rings are defined in a similar 
manner, the two skew lines (AA and BB) being defined by the two ligating 
----------------~---- ~ 
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atoms (AA) and the two atoms of the chelate ring adjacent to each of the 
ligating atoms. The right or left-handed helix so generated defines the 
conformation as o or A. 
Configuration at asymmetric N centres is defined according to the 
37 
sequence rule of Cahn and Ingold: "For an asymmetric atom Nabcd, the 
groups abed are set in order of decreasing atomic numbers of their first 
atoms, or where this makes no distinction, of their second, and so on; and 
then the configuration is described as R (rectus) or· S (sinister) according 
as the path a+ b + c turns to right or left, as seen from the side of the 
model remote from d. 
Co~ ./CH2 .cH2 .NH2 
! ,,,, ll ''•H 
CH3 
R s 
2+ The configurations of the possible isomers of Co(tren) (NH
3
)cl and 
( ) 1 2+ . . . . Co trenen C are shown in Figures 1 and 2 together with the nomenclature 
describing them. 2+ All four isomers of Co(trenen)Cl are chiral and the 
catoptric pair for the isomers are shown. The isomers of Co(Metrenen)Cl 2+ 
(Metrenen = trenen methylated at the sec-nitrogen) will be named after the 
trenen analogues even though there is no longer a proper secondary amine 
centre. 
h . 1 . f th . f ( ) 2+ · Cira ity o es-isomer o Co trenen Cl is due solely to the 
asymmetric nitrogen centre, so that the total configuration is defined in 
terms of the configuration (R or S) of this centre. The p-isomers have 
asymmetry due to both the ligand conformation and to the secondary N-atom. 
Absolute configuration is defined in this case by a single pair of skew 
Figure 1 
---N 
NH3 
2+ p- Co(tren)(NH3)Cl 
Cl 
2+ t-Co(tren)(NH3)Cl 
2+ 
: Isomers of Co(tren)(NH3)Cl ion. 
N 
NH2~ 
Co 
N~ ~ NH 
~H 2 
~ 
r
N'< ~NH2 
Co 
'-...__NH / ~Cl 
NH2 . 
s-(R)- t-(R)-
NH2 
Cl Cl 
L1-p-(S) - L1-p-(R)-
Figure 2: Stereoisomers of Co(trenen)Cl2+ ions,omitting 
catoptric forms . 
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chelate rings, e.g. 
CN1---
.. --N..........._ __.;N 
' --......Co.,,--
{_ N~N 
Cl 
The two pairs of catoptric isomers are ~(S) + A(R) and ~(R) + A(S). For 
the t- isomer the ligand configuration is chiral but it is indescribable 
. f th . 1 1 36 in terms .a e simp e IUPAC rues. Fortunately the configuration of 
the asymmetric N-centre (R or S) is sufficient to define the configuration 
of the entire ion. 
1.·4 Ionic product of water and n2o 
Throughout this thesis it will be necessary to use ion products 
-for the purpose of estimating hydroxide (or OD) ion concentrations from 
measured pH values or acid concentrations. The values listed below have 
been taken from, or obtained by extrapolation of data in the following 
references: 
H. s. Harned and W. J. Hamer, J. Amer. Chem. Soc., 55, 2194 (1933) 
W. F. K. Wynne-Jones, Trans. Faraday Soc., 32, 1397 (1936). 
Temp. pKH O (µ = l .OM) K O(µ = 1) KD O(µ 
2 D2 2 
= 2) 
10° 14.23 3.16 X 10-16 4.27 X 10-l6 
25° 13.77 1.15 X 10-15 1.53 X 10-lS 
34° 13.47 3.03 X 10-15 3.80 X 10-15 
pH measurements were made with a Radiometer Equipment pH meter TTTlC with 
scale expander type PHA630T, glass electrode type G202B and a saturated 
calomel electrode as reference. A salt bridge containing 
1.6M NH4No3 , 0.2M NaNO3 (pH7) was used with the reference electrode. The 
24 
sample was contained in a thermostatted vessel under a stream of nitrogen. 
The same equipment was used to determine "pH" of n2o buffers and the 
empirical conversion38 pD ="pH"+ 0.40 was then applied to evaluate 
+ [D ] • 
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CHAPTER 2 
THE PREPARATION AND PROPERTIES OF 
Co(III)PENTAAMINE COMPLEXES 
CONTAINING GOOD LEAVING GROUPS 
2.1 Introduction 
In Chapter 1 two particular problems concerning the S lCB mechanism 
N 
for base hydrolysis of Co(III)arnine complexes were posed, namely the 
stereochemistry of deprotonation of the reactive conjugate base (CB) and 
the stereochemistry of the five co-ordinate intermediate (I). 
n+ OH ~ (n - 1) + Co(NH 3 ) 5X Co (NH3i4 (NH 2 ):+ CB 
2+ H20 Co(NH3 ) 50H < Co(NH3 ) 4 (NH 2 ) I 
The work described in this Chapter bears on a possible solution of the 
first problem. 
. n+ Complexes of the Co(III)pentaarnrnine type, Co(NH3 ) 5x , contain two 
types of ammonia ligand. The ammonia trans to the acido substituent is 
found usually to be of distinctly different acidity to the other four, cis 
to the substituent. 
Since proton exchange rates at the two sites are different there is 
the possibility that the rate of base hydrolysis might become faster than 
the rate of proton exchange at one site, in which case the reactive 
conjugate base would have to involve deprotonation at the site of faster 
- - -
exchange, which is the trans amine for X = F, Cl, Br, NCS , N3 , 
and CH3co2 
25 
at least. 
possible answer to the problem. 
Clearly a _very good leaving group is a 
A class of good leaving groups used widely in organic chemistry 
-
are the substituted sulphonates, such as methane-sulphonate, CH 3so3 , 
------- ------------------------- ·-· ----
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-
and p-toluenesulphonate, p-ctt3c 6 H4so 3 . Reactions of these leaving 
groups frequently follow an S 1 pathway if the resulting carboniurn ion 
N 
can be stabilised. The leaving ability of these ligands can be imp roved 
by substitution of more electron withdrawing groups than methyl or p ~to l yl, 
-for example p-ni trobenzenesulphonate, p-No2 •c6 H 4 • so3 , ·and 
-
trifluoromethanesulphonate, CF3so3 . Trifluoromethanesulphonic acid is 
the strongest simple protic acid known 39 so one might expect this anion 
to be a poor ligand and hence an exceedingly good leaving group. The 
early part of this Chapter describes the preparation of Co(III)pentaammine 
complexes of these sulphonate ligands and some of their properties. 
The usefulness of such leaving groups can be increased by using 
complexes with chelating amines instead of ammonia. The effect of 
chelation, already mentioned in Chapter 1, is an enhancement of the rate 
. of proton exchange at the trans amine relative to exchange at the cis 
amine nitrogens. 
2+ For example, in the complex s-Co(trenen)Cl 
2+ 
the ratio of the exchange rate for t he trans proton and the fastest rate 
S 26 
for a cis proton is o f t he o rder of 10 as against only 50:1 for 
2+ 25 
Co(NH 3 ) 5Cl . If the ratio of t he prot on exchange rate at trans and 
cis sites is 105 :1 the n the concentration of trans deprotonated conjugate 
5 base in solution should be ~10 higher than that of the cis deprotonated 
form. There are many comple xes known, of the trans-dichloro type, for 
instance, for which base hydrolysis must go by way of a cis deprotonated 
conjugate base. However i n this case trans deprotonation would seem to 
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offer the best route unless the cis conjugate base is a factor of ~106 
more active towards hydrolysis. This is unlikely unless there are very 
marked bonding or steric effects favouring cis over trans. 
The combination of fairly rapid hydrolysis and trans-proton 
exchange rates with average cis-proton exchange rates appears to make 
n+ 
the s-Co(trenen)X system an ideal one for testing the efficiency of 
trans deprotonation. 
2.2 Synthesis 
Five new complex ions have been prepared using the sulphonate 
ligands: 
The methenesulphonate and para-nitrobenzene-sulphonate comp lexes 
· 40 
of cobaltpentaamrnine were prepared by solid phase dehydration of 
100° 
~lrnmHg [Co(NH 3 ) 5XJX2 + tt 2o t 
41 The aqua salts were prepared from [Co(NH 3 ) 5H20]Br3 in aqueous solutions 
of HX by addition of stoichiometric quantities of silver oxide 
of the filtered solutions to dryness. 
2+ 2+ The complex ions [Co(NH3 ) 5cF3so3 ] and Co(trenen)X where X = 
CH 3so3 or CF 3so3 were all prepared by solvolysis of an azido complex in 
the concentrated sulphonic acid at room temperature. 
42 -[Co(trenen)N3 ] (Cl04 ) (N0 3 ) in CF3so3H reacted immediately and vigourously. 
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slower to react and required stirring in the acid solut ion f o r one or 
two hours. These reactions could be ac< "<' l t ' rd t-<_,d liy .idd i t i ( )ll l l I 11 i t 1 ( 1: ;y l 
44 
perchlorate. 
Anation reactions of this type are generally known to go with 
retention of stereochemistry in Co(III)pentaarnine chemistry. The starting 
2+ · . 11 h . d . 26 th t Co(trenen)N
3 
material is we c aracterise as ans- isomer so a 
the two sulphonate complexes will also have the s- configuration. 
Products were isolated from the reaction mixtures by adding the 
acid solution slowly to ice cold ether and collecting the precipitated 
Isolation and purification of the complexes presented problems 
because of their labile nature, particularly in the presence of water, 
but often in other solvents also. Both rnethanesulphonate complexes are 
relatively stable (t½ for spontaneous aquation is 1 hour and 7 hours 
respectively at 25° for the pentaarnrnine and trenen ions) so that the 
could be recrystallised as their perchlorate salts from water (pH~3). 
The purification of the pentaarnrnine para-nitrobenzenesulphonate 
complex (half life for aquation 20 minutes at 25°) proved most difficult 
= because of the low solubility of [Co(NH 3 ) 5 (pNBS)] (pNBS) 2 (pNBS 
p-No 2c6H4so;) in water and most other solvents. While soluble in DMSO 
it was also rapidly solvolysed therein. As a result it was found necessary 
to dissolve the initial product in sulfolan from which it could be pre-
cipitated as the chloride salt by addition of lithium chloride. This salt 
was sufficiently soluble in water for recrystallisation as the perchlorate . 
The two trifluoromethanesulphonate complexes, with half lives for 
aquation of 26 seconds for the pentaarnrnine and 92 seconds for the trenen 
complex, were too labile for recrystallisation. These complexes were also 
- - - - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - -
- - - - - - - - - -
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quite rapidly solvolysed in methanol, acetone, dimethylsulphoxide and 
acetonitrile. The crude products were washed thoroughly with ether to 
remove residual acid and then stored in an evacuated desiccator. 
The complexes were all pink powders, except for [Co(trenen)MS] (ClO4 ) 2 
-MS = CH
3
so
3
) which is gold-orange -and crystallised as fine platelets. 
Absorbtion spectra in the visible region are shown in Figure 1 and the 
extinction coefficients are listed in Table .2.1. 
TABLE 2 .1 
Extinction coefficients for 
Co(NH 3 ) 5X 
2+ ( ) 2+ . and Co trenen X ions 
Solvent [Co] , M >..,nm -1 -1 Ion E ' M cm 
2+ 0.lM HC104 X 10-3 52 . 3 Co(NH3 ) 5 (CH 3so3 ) 3 518 350 42.4 
·2+ 10-3 518 60 Co(NH3 ) 5 (pNO 2C6H4so3 ) 
II 4 X 
Co (trenen) 2+ II 1.. 2 X 10-3 492 157 (CH3so3 ) 356 116 
2+ a X 10-3 Co(trenen) (CF 3so3 ) CF 3so3H 5 494 135 353 108 
a Complex dissolved in the concentrated acid. 
2.3 Aquation reactions 
Aquation of the complexes was followed spectrophotometrically in 
aqueous perchloric acid media at 25° and an ionic strengthµ of unity 
(NaClQ 
4
) . 
complexes were dissolved directly in the acid solution. The 
2+ Co(NH 3 ) 5TFMS ion however aquated too rapidly to allow time for 
dissolving the solids in water. 
stopped-flow apparatus was built. 
To cope with this situation a modified 
-2 The complex (~5 x 10 M) dissolved 
& 
-1 -1 
M cm 
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100 
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Vi sib le abso rbLion spectra of Co(N
5
)oso2x2+ i on s ( condit i ons as descr i b e d in Table 2 .1 ). 
TABLE 2. 2 
Rate constants for spontaneous aquation of some 
2+ Co(N)
5
oso2x complexes in aqueous HClo4 at 25° 
andµ = 1.0 M (adjusted with NaClO4 ) 
1.0 0.1 0.01 0.001 
-1 -1 -1 -1 
kobsd' sec kobsd' sec kobsd' sec kobsd' sec 
2+ d 
Co(trenen)Oso2cH 3 
d 2+ Co(trenen)Oso2cF 3 
a Measured at 550 nm. 
b Measured at 530 nm. 
-4 2.0 X 10 
-4 6.3 X 10 
2.7 X 10-2 
-5 2.6 X 10 
-4 
6..3 X 10 
-2 2.7 X 10 
-5 
2.6 X 10 
-3 7.5 X 10 
-4 2.0 X 10 
-4 6.7 X 10 
. -5 
2.8 X 10 
-3 7.5 X 10 
c Complex 5 x 10-2 Min methanol mixed with 0.101 or 0.0101 M HClo4 in 
the ratio 1:17.5 giving a mixture 9.54 x 10-2 or 9.54 x 10-3 Min 
HC1O4 and ~3 x 10-
3 Min [Co]. 
d Measured ·at 295 nm. 
\() 
in methanol (dried over 3A molecular sieves) was contained in one syringe 
of the apparatus with the aqueous acid medium in the other. The ratio of 
the volumes of the two drive syringes was 1:17.5 so that dilution of the 
aqueous acid was only slight and the effect of having ~5% MeOH in the 
mixture could be neglected. The half life for solvolysis of 
Co(NH 3 ) 5_TFMS
2
+ in dry methanol was about ten minutes so that the methanolic 
solutions were prepared immediately before the reaction run. 
Rate constants obtained from plots of log(A - A
00
) versus time are 
presented in Table 2.2. The plots were linear for at least three half 
lives. The hydrolysis products were identified (by visible spectra) as 
the aqua complexes in each case. 
2.4 
2.4A Base hydrolysis reactions 
2+ 2+ 
Base hydrolysis of Co(NH 3 ) 5 (MS) and Co(NH3 ) 5 (pNBS) in 
aqueous buffer solutions (µ = l.OM adjusted with NaClo 4 , 25 ° ) was obse r Vl'U 
spectrophotometrically using stopped-flow techhiques. 45 In both c ases 
pseudo-first order kinetics were observed. Plots of log 
against time were linear for at least three half-lives and the 
2+ product was identified as Co(NH 3 ) 50H by its visible spectrum and ion 
exchange characteristics. The data are consistent with the rate law 
The results are presented in Tables 2.3 and 2.4. 
2+ Observations of the rate of base hydrolysis of the (NH 3 ) 5CoTFMS 
ion were hampered by the high spontaneous aquation rate for this ion (t½ 
26 sec at 25°). To satisfactorily separate the base catalysed and 
spontaneous hydrolysis paths it was therefore necessary to use a pH at 
~--- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -: ----~ 
TABLE 2.3 
Rate Constants for Base Hydrolysis of 
followed spectrophotometrically at 380 nm in 0.1 M Triethylamine-HClo4 · 
buffers at 25° andµ= 1.0 M (NaClO4 ) 
pH 
10.21 
10.56 
11.07 
11.40 
-3 . 
a [Co]~ 5 x 10 M 
-
2 -1 
10 .kobsd' sec 
1.51 
3.22 
10.9 
26 
b k OH = kobsd/[OH] using pKH O = 2 
13.77 
b -1 -1 
kOH' M sec 
55 
52 
54 
60 
TABLE 2.4 
Base Hydrolysis Rate Constants for 
2+ 
Co(NH
3
)
5
(N0
2
c
6
H4so3 ) ion 
measured at 25° in 0.1 M Diethenolarnine buffer solution (µ = 1.0 M 
adjusted with NaCl04 ) 
pH 
8.67 
8.99 
9.22 
9.44 
10.49c 
6 - a 
10 . [OH ] , M 
7.94 
16.6 
28.2 
46.8 
525 
3 
lO .kobsd' 
2.83 
5.55 
7.30 
13.2 
180 
-1 
sec 
a calculated using p~ = 13.77 (µ = 1, 25°) 
20 
b 
c 0.1 M Triethylarnine buffer. 
-4 
= 6.6 X 10 
-1 
sec 
b 
-1 
M 
2.7 
2.9 
2.4 
2.7 
2.9 
-1 
sec 
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which t½ for hydrolysis was ~3 sec. Clearly a detai led s tudy wa s not 
feasible with the apparatus used both becau se of the instability of 
solutions of this complex and because of Schl i e r en e f fects following 
mixing of the methanol and water solution. Some data was collected from 
which a derived rate constant was calculated a ssuming a second order rate 
law. The results were obtained using 0 . l M "Tris"-HClo4 buffer (pH 7.20, 
- -7 [OH] = 2.69 x 10 , pKw = 1 3 .77 at 25°, µ = lM) as solvent. This gave 
t~ for hydrolysis of 2.7 and 2.3 seconds in separate experiments, 
-1 6 -1 -1 
kobsd = 0 . 3 sec and hence kOH ~ 1 x 10 M sec . 
The aqua tion and base hydrolysis rate data for _the three pentaarnmine 
complexes are combined in Table 2.5 with date for some other complexes. It 
is immediately clear that the sulphonate complexes greatly extend the range 
of hydrolysis rates known for this type of complex. The exceedingly low 
bas i city of the CF 3so3 anion
39 
appears to be reflected in the lability of 
i ts compl e x e s, which may be approaching the SNl limiting condition for 
aquati on. 
2.4B Compe tition Experiments 
I n t h e past, competition experiments have been used to show that 
n+ base hydrolysis of a variety of Co(NH 3 ) 5x complexes is consistent with 
th f . d' 31 e p resenc e o a common interrne iate. When the complex ions are 
hydro lys ed i n the presence of competing nucleophiles such as H
2
o and N
3 
the reacti o n yields a mixture of hydroxo and azido species the product 
rati o has b een found to be independent of the leaving group (±10%), 
i ndicating that hydrolysis is dissociative and leads to a common 
inter mediate. 
---------------------------· _______ ___... 
X 
N02 
N3 
Ctt3co2 
Cl 
N03 
CH 3so3 
{CH3o) 3PO 
TABLE 2.5 
Rates of aquation and base hydrolysis for 
n+ 
some Co(NH3 ) 5x complexes at 25° 
-1 
kH 0 , sec 
2 
very slow 
2.1 X 10-9 
1.2 X 10-7 
1.7 X 10-6 
2.4 X 10-5 
2.0 X 10-4 
2.5 X 10 -4 
Ref 
46 
48 
49 
51 
52 
53 
-1 -1 
kOH' M sec 
4.2 X 10-16 
3.0 X 10-4 
7.0 X 10 -4 
.25 
5.7 
55 
p-N02 .c6tt4 .so3 6.6 X 
10-4 270 
CF 3so3 
-3 2. 7 X 10 · 1 X 106 
Ref 
47 
47 
50 
14 
52 
32 
OH 
-x 
- - - -(X = Cl , Br , I , N03 , SCN) 
The present complexes hydrolyse very much faster than those studied 
previously so that it is of interest to see whether their competition 
properties are consistent with this pattern and hence whether they 
hydrolyse through the same intermediate. 
It is also of interest to see whether there is any competition in 
spontaneous aquation since this has only been observed in the past for 
6 
complexes with good leaving groups such as trimethyl phosphate. 
Competition for azide ion in the base hydrolysis of the 
2+ 2+ Co(NH 3) 5oso2cH3 and Co(NH3) 5oso2cF3 ions was measured using the methods 
31 
of Olsen. Product concentrations were determined spectrophotometrically. 
The results are listed in Table 2.6 together with results for some other 
2+ Co(NH3 ) 5x complexes. 
TABLE 2.6 
Co(NH3) 5N3 
2+ formed at 25° (µ 1. 25M) % = 
X [N3 ] ' M % azido product Ref. 
CH 3so3 1.0 9.5 0.5 (µ = 0.75) 5.2 
CF 3so3 1.0 7.8 
Cl 1.0 8.5 31 
I 1.0 9.9 31 
0.5 (µ = 0.75) 5.9 31 
N03 1.0 10.4 31 
SCN 1.0 9.5a 54 
a corrected for rearrangement products. 
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The behaviour of the methanesulphonate complex is clearly consis t e nt 
with the pattern already established for other Co(NH3 ) 5x
2
+ ions. The 
figure of 7.8% found for the trifluoromethanesulphonate complex however is 
significantly lower than the other data but this may be due to 
Co(NH3 ) 5oH2
3
+ present in the starting material [Co(NH3 ) 5TFMS] (TFMS) 2 whi ch 
is hygroscopic. 
2+ The Co(NH3 ) 5TFMS ion was checked for competition in aquation. 
Samples were allowed to spontaneously aquate in lM HCl and the products 
analysed by ion exchange chromatography. The results showed 8.0% of the 
chloro complex formed in the products. Under the conditions of the 
3+ 
experiment (25° for 5 min.) processes such as anation of Co(NH 3 ) 5oH2 
2+ 
with chloride ion or aquation of Co(NH3 ) 5c1 are not significant. 
The calculated competition factor for this reaction 
is 0.087. 6 The analogous figure for the (dH3o) 3Po complex is 0.061 . As 
was mentioned in Chapter 1 the R value can be interpreted as an i ndicati o n 
of how much bond making to water is involved in the course of dissociat ion 
of the leaving group. It is greatest for induced aquati ons where a 
discrete five co-ordi nate int e rmediate is formed. The value for 
Co(NH 3) 5TFMS
2
+ i ndicates that CF3so3 - is a better leaving group than 
(CH 3o) 3Po and tha t its aquation is closer to a SNl limiting dissociative 
reaction. 
2 4c 18 T . . O race r Experiments 
Hydrolysi s o f Co(III) acidopentaammine complexes in which the acido 
substituent is t h e conjugate base of an -oxyacid may go by cleavage at the 
Co-0 bond or at t h e adjoining 0-X bond. For the sulphonate complexes 
therefore one might h ave cleavage at the Co-0 or o-s bonds. For 
-------- -------------------------
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Co(NH 3 ) 5o 2c.cH3
2
+ it has been shown that cleavage is almost entirely at 
the Co-O bond, but that for C-halogenated acetato complexes the amount of 
o-c cleavage increases with the acidity of the parent acid. 55 These 
results have been correlated with kinetic evidence for two pathways in the 
hydrolysis reaction whtch leads to a rate law 
The term in k
2 
is identified with a bimolecular path involving nucleophilic 
attack at the substituent. 
0 
~~II 
Co-O--C-CF 
: 3 
(' -
:OH 
Co-OH+ CF3co2 
2+ For Co(NH 3) 5OP(OCH3 ) 3 P-O cleavage accounts for 24% of base 
hydrolysis56 and for about 20% of aquation. 53 With the sulphate complex 
there is 2% s-o bond cleavage on base hydrolysis. 57 The results of the 
competition experiments (see previous section) indicate that S-O bond 
cleavage is not a major pathway for base hydrolysis for the sulphonate 
ligands. However the data for substituted acetato complexes showed that 
C-O cleavage increased with the acidity of the ligand, suggesting that 
2+ the low competition figure for Co (NH 3)-Soso2cF 3 may be due to more s-o 
bond cleavage in this case than for the CH 3so3 complex. 
Tracer experiments were performed after the method of Posey and 
58 Taube. Samples of the CH 3so3 and CF 3so3 complexes were hydrolysed in 
H2
18
o enriched solvent under acidic or basic conditions. Co-ordinated 
water was extracted from the products by pyrolysis and converted to co 
. . 2 
for isotopic determination by mass spectrometry. The results are listed 
below: 
Complex Conditions % solvent water in product 
Basic 
Acidic 86 
Basic 'v80 
The results indicate that there may be some S-0 cleavage in these 
hydrolysis reactions, though as in the competition experiments there is 
3+ the complicating possibility of some Co(NH3 ) 5oH2 in the starting material 
giving rise to the results. If the results are due to s-o cleavage then 
the increase with increasing acidity of xso3H is consistent with the 
55 
results for acetate complexes. For the purpose of the present 
experiments it is not very important whether the results are due to S-0 
cleavage or to impurity. Either way they indicate how much of the Co-0 
cleavage reaction is occurring, this being the reaction of interest in 
the competition experiments. 
If the results of th~ competition experiments presented in the 
previous section are corrected for this amount of Co-0 cleavage the 
following values are obtained: 
-X [N3 ] , M % azido product 
oso2cH3 1.0 10.1 0.5 5.5 
oso2cF 3 1.0 9.8 
Cl 1.0 8.5 
I 1.0 9.9 
0.5 5.9 
N03 1.0 10.4 
SCN 1.0 9.5 
The agreement with the earlier data is clearly within the lirni t of 
experimental error. 
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Correction of the results of competition in acid solution for 80% 
Co-O cleavage yields R = 0.11 which is now a considerable increase over 
3+ 
the value of 0.061 for Co(NH
3
) 5OP(OCH3 ) 3 and is consistent with it being 
a better leaving group. 
2.4D 
2+ 
Summary of chemistry of Co(NH
3
) 5oso2x complexes 
The Co(III)pentaammine sulphonate complexes described in this 
section, while being far more labile than any such complexes previously 
prepared, show properties consistent with the same hydrolysis mechanisms 
proposed for slower systems. Although the ranges of known rate constants 
for aquation and base hydrolysis have been extended by factors of 100 and 
105 respectively, the competition experiments indicate the formation of 
the same base hydrolysis intermediate from Co(NH 3 ) 5oso2cF 3
2
+ as from the 
halogeno complexes. CF
3
so
3 
is such a good leaving group that one must 
expect the mechanism for its hydrolysis to tend to the SNl limit and this 
is born out by the competition ratio for chloride ion under conditions of 
spontaneous aquation. R for Co(NH 3 ) 5oso2cF3
2
+ is only a factor of two 
smaller than that for a typical induced aquation, 7 which may represent the 
The fact that competition results in base hydrolysis are unchanged 
for this ligand lends weight to the proposal that base hydrolysis for all 
Co(III)acido pentaamrnine complexes is essentially an S lCB process. 
N 
2.5 
2.5A 
2+ Properties of Co(trenen)oso2x ions 
2+ Base hydrolysis of Co(trenen)oso2~H 3 
The base hydrolysis of the Co(trenen) (CH
3
so
3
) 2+ ion was followed 
spectrophotometrically in buffer solutions (0.lM "Tris", Triethanolamine, 
---------------------------· -------~ 
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Diethanolamine and Triethylamine) at 25° andµ= l.0M (NaClO4) in the pH 
-
range 7-11. The data are recorded in Table 2.7 and loss of CH 3so3 , 
observed at 320 run , is consistent with the rate law 
. 2+ -
V = kOH[CotrenenMS ] [OH] 
where kOH 
= 7.4 X 104 M- l sec-lat 25°. 
At pH > 8 the rise in optical density (at 320 nm) accompanying the 
loss of CH 3so3 was seen to be followed by a small decrease on a longer 
timescale. The kine tics of this process were measured from observations 
at 280 run where the accompanying absorbance change is magnif°ied and that 
due to loss of CH3so3 diminished (Figure 2) •. · Rate constants for both 
sets of data are tabulated in Table 2.7. 
It will be seen · that the change at 280 nm has a complex dependence 
-
on pH. At low p H (<8) the rate approaches that for loss of CH 3so3 • In 
the pH range 8 .5-10 it is almost pH independent with an average rate 
-1 
constant throughout this range ·of 0.20 sec Above pHl0 k increases 
obsd 
tending towards a first order dependence on hydroxide ion concentration. 
Visible absorption and pmr spectra show that the overall product 
of the reaction is s-Co(trenen)OH2+, so that there is overall retention 
of stereochemistry, as was found previously for base hydrolysis of 
2+ 26 
s-Co(trenen)Cl • The present results imply initial formation of 
another isomer of Co(trenen)OH2+ which is rapidly isomerised to the 
s- isomer. The nature of this intermediate isomer and the implications 
for the stereochemistry of the reaction will be discussed at length in a 
later Chapter , but it will suffice at this stage to suggest that it is a 
p- isomer (see section 1.3). 
2+ The base hydrolysis of s-Co(trenen)oso2cH3 can then be represented 
by the equations 
--------- ---------------------------
1 sec 0. 2 sec 
(a) 320 nm 
2 sec 
(b) 280 nm 
'----------------------
2+ Figure 2 ~ Base hydrolysis of Co(trenen)oso2cH3 
at pH 9 .2 4 (25°). 
TABLE 2.7 
Base Hydrolysis Rate Constants for Co(trenen) (CH 3so3 )
2
+ Ion 
in 0.1 M Buffer solutions at 25°, µ = 1.0 M (NaClO4 ) 
Data at 320 run 
a b 
-1 
-1 -4 [OH] kobsd' sec 10 .kOH·, M sec pH M 
(Cary 16K) 
7.66 
-7 -2 7.76 X 10 5.3 3 X 10 
-6 -2 
7.84 1.18 X 10 7.92 X 10 
-6 
.161 8.15 2.40 X 10 
-6 
8.58 6.46 X 10 
(Durrum) 
8.88 
-5 1.08 1.29 X 10 
9.24 2.95 X 10 
-5 2. 56 
-4 8 . 15 9.83 1.15 X 10 
10.16 
-4 2.46 X 10 
10.54 
-4 5.89 X 10 
11.09 2.09 X 10 -3 
a Calculated using pK O = 13.77 (µ = 1, 25 ° ) H2 
b kOH = kobsd/[OH] 
6.9 
6.8 
6.7 
8.4 
8.7 
7 .1 . 
280 run 
-1 -1 
kabsd' sec 
3.98 X 10 -2 
9.24 X 10 -2 
0.21 
0.17 
0.17 
0.25 
0.35 
0.43 
0.77 
Buffer 
"Tris" 
11 
11 
11 
"Tris" 
Triethanolamine 
Diethanolamine 
Triethylamine 
II 
II 
and 
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2+ 
s-Co (trenen)oso2cH3 
2+ p-Co(trenen)OH + H
2
o 
3+ p-Co(trenen)OH
2 
+ - OH 
OH 
OH 
OH 
2+ p-Co(trenen)OH 
2+ 
s-Co(trenen)OH 
3+ 
s-Co(trenen)OH2 
(1) 
(2) 
The two rates observed spectrophotometrically are then the hydrolysis of 
the complex, kBH' fo llowed by a combination of the parallel reaction rates 
k 1 and k 2 , for the hy droxo _and aqua forms of the intermediate product 
which will be in equilibrium in the pH range studied. 
The deri ved rate law for the isomerisation represented by equation 
(2 ) , assuming tha t both steps are base catalysed, . is 
k 
obsd = 
- 2 -k 1 [0H] + k 2~[0H] (3) 
~ + [OH ] 
2+ The value of¾ in this equation is uncertain, but for s-Co(trenen)OH 
I 
P¾ is 7.78 and P¾'s for other similar complexes are in the range 
7.2-7.8 (from Re f. 26 and 59, P¾ = pK -pK with pK = 13.77). 
w a w 
When [OH] >>¾equation (3) reduces to 
k 
obsd = 
-8 If one uses the value of 7.78 for p~ (~ = 1.66 x 10 M) then the 
(4) 
constant rate i n the pH range 8.5-10 is due to the small contribution from 
the k 1 term. 
-1 7 -1 -1 I t follows that k 2¾ = 0.2 sec so that k 2 ~ 1 x 10 M sec 
· -1 -1 Above pH 10 k 1 be comes important and a value of k 1 ~ 300 M sec is 
39 
4 indicated. Hence the isomerisation of the aqua species is about 3 x 10 
times faster than that of the hydroxo. 
2+ 3+ 2.5B Proton exchange of Co(trenen)oso2cH3·. and Co(trenen)OD2 ions 
. 2+ 
Proton exchange rates were measured for both the Co(trenen)MS and 
Co(trenen)OH
2
3
+ ions, whose pmr spectra are shown in Figure 3. Data for 
th 1 1 b . d b . 1 f ( ) 2+ · e atter comp ex were o taine y using samp es o Co trenen TFMS since 
at the normal probe temperature (34°) hydrolysis is very fast and is over 
before the rate measurements commence. Measurements were made continuously 
with the reacting sample in the spectrometer at the normal probe 
temperature (34±1°) or with the sample temperature controlled. Plots of 
log(peak height-peak height) vs. time were linear for at least two half-
oo 
lives. 
TABLE 2.8 
Exchange rate constants for proton at lowest field in 
Co(trenen)Ms 2+ at 34° in dilute DCl solution 
3 
10 .kb 
0 S 
-9 
10 .kOD 
.1016 3.74 
.0219 17.4 
.00924 41.1 
.00454 83.7 
.0012 320 
a. [OD] calculated using K D2o 
b = (kobsd-kD
2
o)/[OD] 
-3 -1 2.1 x 10 sec 
-1 (sec ) 
2.3 
3.2 
4.6 
7.3 
25 
= 3.80 X 10-15 
-1 (M 
5.3 
6.3 
6.1 
6.2 
7.2 
b 
-1 
sec ) 
most acidic 
proton 
I 
6 
HOD 
I 
5 
fjgur 3 : 100 ~+ pmr spectra 
and Co(tr n n)MS ln O. lM DCl 
bo om) . Cli ml cnl ~ltJ fts o jn 
i 
4 
" 
I 
3 
I 
2 
. 3+ 
of Co(tr n n)OD 2 n ]M DCJ0 11 (top) ( compos l t w i h llOO r move <l 
ppm down r L ·Id [rorn TMS. 
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Rate data for exchange of the single proton at lowest field in 
2+ Co(trenen)MS are shown in Table 2.8 . The rate is very much faster than 
that for any other protons in the complex and is readily identified as the 
proton on the secondary amine nitrogen, trans to the methane sulphonato 
2+ 2+ ligand, by analogy with the data for Co(trenen)Cl and Co(trenen)N
3 
. 
26 
The rate data are plotted vs. OD concentration in Figure 4 from which it 
can be deduced that the rate law is 
k 
obsd = 
The value of kD O obtained by extrapolation of the data to zero base 
2 
concentration is kD O = 2.1 x 10-
3 
2 
-1 
sec and the value of kOD' found from 
the slope of the plot is 6.2 x 109 -1 -1 M sec These values may be compared 
with the data for the trans proton of the analogous chloro and azido 
26 
complexes (all at 34°). 
2+ 2.1 Co(trenen)oso2cH3 X 
2+ 1.2 Co(trenen)Cl X 
2+ Co(trenen)N
3 6.3 X 
-1 
sec 
10-3 
10-4 
10-5 
-9 -1 -1 
10 .kOD' M sec 
6.2 
5.7 
1.3 
The increasing !ability of the acido substituent has only a slight effect 
on the base catalysed path for proton exchange but appears to cause a 
marked acceleration of the uncatalysed path. Caollapse of the upfield N-H 
signal, due to exchange of four cis amine protons, was observed at 25° in 
-3 -1 0 .. 1 M acetate buffer, pD 5.92, with a rate constant of 2.1 x 10 sec 
giving k OD = kobsd/[OD ] 
-15 1.53 X 10 ). 
6 -1 -1 -9 
= 1.7 x 10 M sec ([OD] = 1.27 x 10 M 
The hydrolysis rate constant for the complex 
-4 -1 
under the same conditions was 2.0 x 10 sec so that proton exchange at 
the cis sites is still ten times faster than hydrolysis. The energy of 
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Figure 4: pD dependence of the rate of exchan ge of the proton 
2+ 0 
at lowest field in Co(trenen)MS (34 ) . 
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2+ 
activation, E, for denteration of Co(trenen)Cl and for several other 
a 
similar Co(III)arnine complexes has been measured and a common value of 
~28 kcal/mol obtained. 60 Using this value one may calculate that at 34° 
2+ 
exchange of the cis amine protons of Co(trenen)MS will proceed with a 
rate ~7 x 106 M-l sec-l This may be compared with the figure of 
5 x 10 5 M-l sec-l obtained as an upper limit for the exchange of the 
2+ 26 
analogous protons in Co(trenen)Cl It appears that the rate of ex-
change of the cis protons has been considerably accelerated by the intro-
duction of a more electron withdrawing ligand. 
Proton exchange rate constants for all three types of amine proton 
3+ 
on Co(trenen)OD
2 
are listed in Table 2.9. They are generally higher 
than those for Co(trenen)X2+ ions because of the higher charge on the 
complex. Assignment of the proton resonances, by analogy with 
( ) 2+ . · 42 Co trenen Cl is shown below. 
//N\ (a) lowest field (1 proton) 
(a) H-{,G I ~NH2 {b) (b) highest field (4 protons) 
~--(b) H2N \ 0D2 (c) m:i.ddle field (2 protons) 
NH
2 
(c) 
-3 -1 The value of 2.7 x 10 sec for exchange of the proton at lowest 
field (secondary N proton) in MDClo4 probably represents the k term in D20 
-in a rate law of the form k = k + k 00 [0D] as found above for D20 
2+ Co(trenen)MS . This is only slightly faster thank for Co(trenen)MS D20 
-3 -1 (2.1 x 10 sec ) . The rate constant k 00 was not evaluated for this 
process. 
2+ 
6 -1 -1 Exchange of the two (c) protons, k 00 ~2 x 10 M sec , is by far 
the slowest. No numerical data are available for these protons in other 
trenen complexes but they are always the slowest to exchange. 
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TABLE 2.9 
Proton Exchange Rate Constants for Co(trenen) 002
3
+ 
obtained by dissolving [Co (trenen) TFMS] (TFMS) 2 (0 .. 2 M) . in the appropriate 
solution at 34° (µ = 1.5-2) 
a 
Proton pD [OD ] , . M 
6 6.4 ppm (1) C · -o.02d 3.62 X 10-l5 
6 5.8 + 5.5 (2) 4.34e 8.31 X 10-11 
6 4.8 (4) 2.06f 4.36 X 10-15 
3.78e 2.29 X 10-11 
4.34e 8.31 X 10-11 
5.25e 6.76 X 10-10 
a. calculated using K0 0 = 3.80 x lo-
15 
2 
b. 
-1 b -1 k sec kOD' M sec obsd' 
2.7 X 10 -:- 3 
'v2 X 10-4 'v2 X 106 
'v7 X 10-5 'v2 X 108 
2-9 X 10_- 3 1.3 X 108 
3.6 X 10-3 4.3 X 107 
l.07xl0 -2 1.6 X 107 
c. figures in parentheses are the number of protons exchanged 
d. 
e. 
f. 
1.05 M DCl04 
1 M Acetate buffers 
-3 8.71 x 10 M DC104 
. Exchange of the other four c~s protons (at high fie ld) s hows a 
-1 
complex pD dependence because the measurements are made c l ose to the pK 
a 
2+ 
of Co(trenen)OD2 . The reacti on can be represented by the scheme 
K 
a ., + 
+ D 0 3 
--------------------------- · -------~ 
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Measurements in 1.05 M oc10
4
- solution show that k 1 contains no significant 
-7 -1 3+ 
component due to o
2
o (k
0 0 < 10 sec ) , so that for the Co(trenen)oo2 
species 
d[H] 
dt 
2 
= 
8 -1 -1 
with k 1 I\, 2 x 10 M sec . The data are not sufficient to estimate k 2 , 
but it is certainly less than 106 M-l sec-l 
2.5C 2+ Base hydrolysis of Co(trenen)oso2cF 3 
2+ Base hydrolysis of Co(trenen)TFMS in 0.1 M acetate buffers 
(µ = 1.0 M, 25°) was observed spectrophotmetrically at 295 run. Since the 
-3 -1 ion aquates rapidly, k = 7.5 x 10 sec (25°) the study was limited 
H
2
0 
to a short range of lifetimes, though this problem was less acute than for 
2+ Co(NH3 ) 5oso2cF3 . The reaction was found to be exceedingly fast so that 
measurements were made in moderately acidic solutions, pH I\, 5. The results 
are presented in Table 2.10. The average second order rate constant for 
the reaction is 2.1 x 107 M-l sec-1 . The corresponding rate constant for 
26 
the chloro complex . -1 -1 is 518 M sec (corrected for pK 13.77 atµ= lM) 
w 
so that introduction of the better leaving group CF 3so3 has accelerated 
4 
the rate of hydrolysis by a factor of about 4 x 10 . 
This rate constant of 2.1 x 107 M-l sec-l is considerably greater 
than many proton exchange rate constants. In particular the proton 
exchange rate constant for cis-amine protons of Co(trenen)MS2+ is about 
6 -1 -1 7 -1 -1 2 x 10 M sec (at 25°), so that a hydrolysis rate of 2 x 10 M sec 
(at 25°) for Co(trenen)TFMS2+ is likely to preclude the interrnediacy of 
cis deprotonated conjugate bases unless there is a substantial increase in 
the rates of proton exchange on changing the acido substituent from 
CH 3so3 to trifluoromethane sulphonato. 
pH 
4.56 
4.92 
5.03 
5.34 
5.74 
a. 
b. 
2.5D 
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TABLE 2.10 
2+ 
Base Hydrolysis Rate Constants for Co(trenen)TFMS 
in 0.1 M Acetate buffer at 25°, µ = 1.0 M (NaCl04 ) 
a 
-1 · 10-7 -[OH ] , M kobsd' sec .kOH' 
6.16 X 10-10 1.95 X 10-2 · 
1.41 X 10-9 4.02 X 10-2 
1.82 X 10-9 4.34 X 10-
2 
3.72 X 10-9 8.66 X 10-2 
9.34 X 10-9 0.195 
using pKH 0 = l3.77 
2 
kOH (k . - kH 0 )/[0H ] , k 7.5 = = obsd H2o 2 
2+ Proton Exchange of Co(trenen)oso2cF 3 
2.0 
2.4 
2.0 
2.1 
2.0 
X 10-3 sec 
M -1 
-1 
-1 
sec 
2+ In order to tell whether base hydrolysis of Co(trenen)oso2cF3 was 
indeed faster than the rate of exchange of all but the trans amine proton 
it was necessary to compare the rates of these processes under identical 
reaction conditions. 
2+ Proton exchange at the cis site of Co(trenen)TFMS was measured by 
dissolving the complex (~ 0.2 M) in lM Acetate/D20 buffer (pD 5.SA) at 10°. 
Samples were withdrawn, initially at half minute intervals and subsequently 
after longer periods, and quenched by being poured into ice cold NMR tubes 
containing the same amounts of concentrated deuteroperchloric acid. Pmr 
spectra of all the samples were run consecutively using identical machine 
settings (Figure 5). The peak at o 4.8 ppm downfield from TMS (TBA used 
as internal standard ) was measured, both by peak height and by weighing 
the area of paper under the peak, with essentially identical results. A 
------ -------------------- ·. -----~ 
Os 3u s 60 s 9u s 
2m 
......_ 
~ 
3111 m 15m 
Su m 
Figure 5 Exchange of s-.:1111 ine 2-~ 0 protons of Co(trencn) OSo 2cF 3 at pD S.S!f ( 10 ). 
.µ 
..c 
b.() 
7 
6 
5 
·@ 3 
..c 
~ 
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0.. 
....__, 
b.() 
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2 
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Figure 6 : Exchange of cis-amine protons of 
2+ 0 Co(trenen)oso2cr 3 at pD 5.54 (10 ). 
45 
plot of (peak height-peak height) versus time is shown in Figure 6. 
co 
This · displays an initial rapid decay followed by a slow exchange 
-4 -1 
with a . rate constant of 5.8 x 10 sec . Extrapolation of the slow rate 
to zero time and substraction of this from the initial data points yields 
-2 -1 
a rate constant of ~2 x 10 sec for the fast component. A total of 
four protons are involved in the exchange processes and the intercepts 
(Fig. 6) show that one only is lost rapidly while the remaining three are 
lost at the same slow rate. 
n+ Co(trenen. H4 )X 
-
n+ Co(trenen H3D)X 
(where X = CF3so3 , OD or D20) 
n+ Co(trenen D4 )X 
The rate of hydrolysis of [Co(trenen)TFMS] 2+ under the conditions 
of the proton exchange experiment was measured spectrophotometrically 
(Cary 16 K) using the same buffer and the same complex concentration with 
the spectrophotometer sample chamber and all reagents thermostatted to 
10°c (Figure 7). -3 -1 At 530 nm the observed rate constant was 2.7 x 10 sec . 
The aquation rate constant, measured at the same temperature in 1 M DOAc 
is k = 5.9 x 10-4 sec-l DOAc 
2+ Since the Co(trenen)TFMS aquates rapidly, hydrolysis continues 
even after the base catalysed path is stopped by addition of acid, so that 
the pmr samples contain only Co(trenen)oo2
3
+. However it was shown earlier 
-7 -1 that exchange of the cis protons ceases on acidification (k0 0 < 10 sec ) . 
2 
The amount of exchange measured is the sum of the exchange in 
2+ Co(trenen)TFMS unreacted at the time of quenching plus exchange in the 
3+ Co(trenen)OD2 product. The data do not show directly at what stage in 
the reaction scheme exchange is taking place. 
3+ Using the data in Table 2.9 for proton exchange of Co(trenen)OD
2 
, 
one can estimate the rate to be expected at 10° and pD 5.54. Taking 
50 
40 
30 
20 
10 
4 
0 
Figure 7 
k = 2 . 7xl0-J 
obsd 
200 4 0 
-1 
sec 
6 0 8 
0 
sec 
2+ 0 
: Base hydrolysis of Co(trenen)oso2cr 3 at pD 5 . 54 (10 ). 
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7 -1 -1 k
00 
~ 1.6 x 10 M sec (value at 34° and po 5.25) and assuming 
E 
a 
60 5 -1 -1 
= 28 kcal/mole one obtains k00 = 3.3 x 10 M sec and hence 
k 
obsd 
-4 -1 ~ 5 x 10 sec at 10° and pD 5.54. This is in good agreement with 
the observed value of 5.8 x 10-4 sec-l indicating that this process can be 
ascribed to loss of protons from the product Co(trenen)oo2
3
+ ion. 
This leaves one proton exchanging with the larger rate constant of 
-2 -1 . . 2+ . 
2 x 10 sec which must be lost from Co(trenen)TFMS either before or 
during base hydrolysis. Spectrophotometric data under as close as 
possible to identical conditions yield a hydrolysis rate constant of 
2.7 x 10-3 sec-l which after correction for aquatio~ gives a base 
-3 -1 hydrolysis rate constant of 2.1 x 10 sec . . Exchange of the singe c~s 
amine proton is therefore about ten times faster than base hydrolysis. 
Exchange of the trans amine proton was not measured but can be assumed 
to be very much faster again, following the trend set by other 
2+ Co(trenen)X complexes (X = N3 , Cl, MS). 
It would seem that introduction of the CF3so3 group into the 
complex has accelerated the rate of exchange of the cis prot ons t o s u ch 
an extent that this process is still faster than base hyd r olysis. There 
is an anomaly i n that such a rapid rate of proton -exchange relative to 
base hydrolysis (~ x 10) should lead to more than one proton being 
exchanged in the initial process. The data do not appear to allow this. 
Neither do the y s e em to support the mechanism 
because the difference between the rates of exchange of the single cis 
proton and of hydroly s is is too great for the two to be synchronous. 
The striking feature of these results is the extraordinary 
2+ 
enhancement of the cis - NH 2 proton exchange rates for the Co(trenen)oso2cF 3 
ion relative to the chloro analogue, which is of the same order as the 
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acceleration of the base hydrolysis rate. This was a totally unexpected 
effect, though in hindsight foreshadowed in the CH 3so3 complex, and still 
defies reasonable explanation. The results appear to require that one 
proton of the four exchanges much faster than the other three. This would 
be considered most unusual since the four protons are all in roughly 
equivalent environments, chemically and magnetically, and might be expected 
to have similar rates of exchange. No such differentiation is seen in 
2+ 2+ 
exchange of the analogous protons ·of the Co(trenen)MS or Co(trenen)TFMS 
ions. 
. 2+ 
Certainly the Co(trenen)TFMS ion still has the choice of both 
cis and trans deprotonation pathways to hydrolysis and there can be no 
conclusions as to which is most effective. 
2.6 Conclusions 
This study has shown that complexes can be prepared using good 
leaving groups for ligands and that the hydrolysis properties of these 
are similar to those of complexes of simpler acido ligands except in 
terms of rate. The base hydrolysis rate constant for the Co(trenen)TFMS 2+ 
7 -1 -1 ion is 2 x 10 M sec , which is exceedingly large for a Co(III) complex, 
and yet it seems to behave in other respects very like a chloro or bromo 
complex. It does appear that a good leaving group has quite a marked 
effect on the rates of exchange of the various amine protons, though this 
effect was not investigated fully because of the difficulty of handling 
the very labile complexes. 
A major advantage of the lability of these complexes is in the 
study of stereochemistry. The rapid rates of hydrolysis enable one to see 
other fast processes occurring after the hydrolysis step, as was seen in 
2+ . 
the base hydrolysis of the Co(trenen)MS ion. Similar results have also 
2+ 2+ been observed for both Co(trenen)TFMS and co(trenen)Cl , though in 
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neither case were the data as clear. In the first case the material is 
too labile for easy handling and in the latter the separation of rates for 
the different processes is not sufficiently good. 
2+ The usefullness of the Co(trenen)oso2cH3 ion in the study of 
stereochemistry will become clear in a later Chapter. 
2.7 Experimental Section 
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-2 (20 g, 5 x 10 moles 
freshly prepared) was dissolved in a dilute solution of methane sulphonic 
acid (Eastman, Practical, 15 g_, 'v 15 x 10-2 moles, in 500 ml water) • 
-2 Enough wet silver oxide (15 x 10 moles, 'v 40 g) was added to precipitate 
all of the bromide ion in the solution. The solution was filtered and 
evaporated to. dryness under reduced pressure. The solid was ground to a 
fine powder and heated in a vacuum oven ('v 0.5 mm Hg) over P2o5 for 2 hours 
at 50° and 5 hours at 100°. The pink product was dissolved in water 
(pH 'v 3, HC104 ) and recrystallised as the perchlorate salt by adding 
sodium perchlorate. 
Co , 13.45; C, 2.74; 
H, 4.15; N, 15.99. 
Found: Co, 13.57; C, 2 . 84; H, 4 .35; N, 15. 78. 
moles) and para-nitrobe nzene sulphonic acid (Eastman, practical, 32 g, 
-2 16 x 10 moles) were di s solved in water (300 ml). Freshly prepared wet 
- 2 
silver oxide (15 x 10 mole, 'v70 g) was. added to stoichometrically 
precipate all the Br ion from the solution. The filtered solution was 
evaporated to dryness and t he red solids were evacuated in an oven 
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(~ 1 mm Hg) over Po for four hours at 50° followed by fifteen hours at 2 5 · 
100°. After cooling the purplish-pink powder was dissolved in a minimum 
quantity of sulfolan (Fluka, Purum)~ A saturated solution of LiCl in 
sulfolan was added until the complex was precipitated. The mixture was 
then diluted with ethanol and filtered. The chloride salt of the complex 
was collected, washed with ethanol and dried in a vacuum desiccator. The 
perchlorate salt was prepared by rapidly dissolving the complex in a 
minimum amount of acidulated water and adding NaClo4 . The sa l t was dr ied 
in a vacuum desiccator. 
Analysis showed the correct ratio of elements though all were too 
low on an absolute scale, indicating contamination by Nac1O4 . This was 
not removed even after several recrystallisations. Recrystallisation was 
necessarily rapid because of the rate of aquation of the complex (t½ ~ 20 
min at 25°). Analysis figures are calculated to include¼ Nac1O
4 
for 
comparison with the observed values. 
Analysis calculated for [Co(NH3 ) 5 (oso2c 6 tt 4No2 )] (ClO4 ) 2 .¼NaClO4 : Co , 
10.23; C, 12.51; H, 3.32; N, 14.59. 
Found: Co, 10.23; c~ 12.38; H, 3.41; N, 14.48. 
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(2 g ) was disso lved 
in trifluoromethanesulphonic acid (20 ml, 3M Co, Fluoroch emi c a l FC-2 4 , 
distilled) under dry nitrogen and the solution was sti r red for two hours. 
The solution was then added very slowly to ice co l d anhydrous ether (200 
ml). The gelati nous precipitate was triturated with several changes of 
ether before be i ng collected on a glass sinter, taking care to have the 
solids covered by e ther at all times . The final washing of ether was 
removed under vac uum in a desiccator. The product is very unstable to all 
solvents and is hygr o s copic so that further purification is not practicable. 
An analysis of the h ydrated complex is given below. 
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N, 11. 17. 
Found: C, 5.63; H, 3.01; N, 10.36. 
added slowly to methane sulphonic acid (20 ml) and the mixture stirred 
for 1 hour. The solid dissolved slowly to give a red solution and 
hydrazoic acid was evolved. The solution was added to cold anhydrous 
ether (100 ml) and the resulting orange precipitate was collected, washed 
several times with ether and dried in air. The crude produc_t was 
dissolved in a minimum amount of water (~ 50 ml) and recrystallised as 
the perchlorate salt by the addition of 70% HCl04 . The golden orange 
crystals were washed with ethanol and dried in a vacuum desiccator; yield 
2.9 g. 
Analysis calculated for [Co(C8H23N5 )oso2cH3 ] (Clo4 ) 2 : Co, 10.87; C, 19.93; 
H, 4.84; N, 12.92. 
Found: Co, 10.88; C, 19.92; H, 4.76; N, 12.54. · 
for pmr experiments was prepared by 
dissolving the diperchlorate salt in water (pH~ 3) and adding a solution 
containing one equivalent of tetraphenylarsonium chloride (Aldrich 
Chemical Co.). The mixture was stirred for a few minutes to coagulate 
the precipitate before filtering. The filtrate was evaporated to dryness 
under reduced pressure. The solid complex was washed with a little 
ethanol and dried in vacuo. 
[Co(trenen)TFMS] (TFMS) 2 [Co(trenen)N3] (Clo4 ) 2 (2 g) was added slowly 
to stirred trifluoromethane sulphonic acid (20 ml). The reaction was 
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immediate and vigorous with evolution o f hydrazoic acid. The mixture was 
allowed to stir for a further five minutes before being added very slowly 
to cold anhydrous either (200 ml). The pink solid was washed by 
decantation with several portions of ether before collection in the same 
manner as described for the pentaarnrnine complex. The product . is similarly 
sensitive to water and other solvents. 
N, 9.68. 
-Found: C, 18.06; H, 3.74; N, 9.59. 
Visible spectra and kinetic spectrophotometric measurements 
Visible spectra were recorded on a Cary 14 recording spectrophoto-
meter using freshly made solutions and quartz cells. Kinetic measurements 
were performed on a Cary 16K spectrophotometer with the cell chamber 
thermostatted to ±0.1° by circulating water. For stopped-flow kinetics, 45 
complex solutions (2-5 x 10-3 M) were made up in 1.0 M Nac1O
4 
and mixed 
after thermal equilibration with buffer solutions (all 0.2 M with ionic 
strength,µ, adjusted to 1.0 M with NaClO4 ). Rate data were obtained from 
plots of log(At-A
00
) vs. time. Rapid processes were followed using a Durrum 
stopped-flow apparatus. To eliminate spurious results due to poor mixing, 
data were only accepted if . at least three successive traces were superim-
posable. 
2+ Base hydrolysis of Co(trenen)TFMS was measured spectrophotometrically 
(Cary 16K) at 520 nm or 295 nm in 0.1 M acetate buffers (µ = 1.0 M, 
Samples of [Co(trenen)TFMS] (TFMS) (20-30 mg)were dissolved 
- 2 
in 5 ml portions of 1 M NaClo4 at 25° by rapid stirring, the solution poured 
into one reservoir of the stopped-flow apparatus and rapidly mixed with 
buffer solution already thermally equilibrated in the other reservoir. 
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Competition Experiments: Base Hydrolysis 
water (10 ml) at 25° and mixed rapidly with .a solution of 2 M NaN 3 and 
0.25 M NaOH (10 ml). After four minutes the mixture was acidified to pH4 
by adding perchloric acid, diluted, and the complexes sorbed onto a cation 
exchange chromatography column (Dowex 50 WX2, 5 x 1 cm). The column 
was washed with water (pH4) and then eluted first with 1 M KCl to remove 
2+ 3+ Co(NH3 ) 5N3 followed by 3M HCl to remove Co(NH 3 ) 5 (H 2o) . Concentrations 
of the products were measured spectrophotometrically (Cary 16K) using the 
. . ff' . 31 272 -l extinction coe icients E518 M 
-1 -1 3+ 
E49247.7 M cm for Co(NH3)5(H20) . A similar experiment was carried 
Competition experiments: Aquation 
ml) at 25°. After 5 minutes (~ 10 half lives for spontaneous aquation) the 
solution was diluted with water (100 ml) and the complexes sorbed onto 
cation exchange resin (Dowex 50 W x 2, 5 x 1 cm). The column was eluted 
Product concentrations were determined spectrophotometrically using 
-1 -1 -1 -1 E520 50.1 M cm and E492 47.7 M cm for the chloro and aqua species 
. l 31 respective y. 
180 Tracer experiment 
[Co(NH 3) 5 (CH3so3 )] (Cl04 ) 2 or [Co(N_H3 ) 5oso2cF3 ] (CF 3so3 ) 2 (0.7 g) was 
dissolved in 0.1 M NaOH (10 ml) enriched wi.th 1.4 atom % H
2
18o (Miles Labs) 
at 25°. After 1 minute (~ 500 half lives) cone. HBr (5 ml) was added to 
precipitate the aqua product. This was collected, washed with methanol and 
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dried in air. The [Co(NH 3 ) 5 (H 2O)]Br3 was evacuated for 3 hours and then 
kept at 70° in an oil bath for 15 hours. 
0 
70 
After freezing (in liquid N
2
) and pumping to remove incondensible 
gases the water in the sample was distilled into a break-seal tube 
containing HgI 2 and Hg(CN) 2 (0.1 g). The tube was sealed and placed in an 
oven at 400° for 18 hours. After cooling the tube was refrozen and evacu-
ated to remove incondensibles. Condensible gaseous products were distilled 
out by warming the tube in a methanol-dry ice bath and the carbon dioxide 
fraction collected after fractionation of the gases by gas-liquid 
chromatagraphy (5% n-o_ctyl phthalate on acid washed Chromasorb W). The 
isotopic content of the original reaction solvent was established by 
distilling water from a sample (~ 1 ml) into a tube. Standard co2 was 
condensed in the tube and equiiibrated with the water at 70° for 18 hours. 
The co2 was distilled out again and its .isotopic content measured by mass 
spectrometry (Atlas Mat GD-150) together with a standard CO
2 
sample and 
the co2 obtained from the complex. 
A similar experiment with [Co(NH3 ) 5TFMS] (TFMS) 2 under acid 
conditions was carried out using 10 ml of enriched water acidified with 
a drop of cone. HCl. 
Proton exchange 
2+ With the exception of data for Co(trenen)oso
2
cF
3 
all proton 
exchange rates were measured by continuous scanning of the reaction sample 
in the machine (Jeol MH-100 with variable temperature controller). Samples 
(30 mg) of [Co(trenen)MS]Cl.Clo 4 or [Co(trenen)TFMS] (TFMS) 2 (for 
Co(trenen)on2
3
+ rates) were dissolved in dilute DCl, DClO
4 
or n
2
o buffer 
solution (0.5 ml, equilibrated to probe temperature, - 34±1° unless other-
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wise controlled). 
2+ Proton exchange of Co(trenen)TFMS 
[Co(trenen)TFMS] (TFMS) 2 (0.5 g) was placed in a 25 ml round bottom 
flask and 1 M acetate buffer (in 0 20 1 pD 5.54, 6 ml) was added (reagents 
and vessels previously brought to 10°). The flask was stoppered with a 
small Schle~ tube and shaken vigorously for a few seconds to dissolve the 
solids. The free end of the Schlenk tube was then inserted into one neck 
of a three necked 25 ml flask immersed in a water bath at 10°. Suction was 
applied to filter the reaction mixture into the three necked fl ask, these 
operations being completed within about twenty seconds of mixing the 
reagents. Samples (0.5 ml) were withdrawn from the reaction mixture at 
intervals and quenched by pouring into ice-cold NMR tubes containing cone. 
DC104 (0.l ml, Fluka 70% ). A further 0.1 ml of cone. o2so4 was added to 
each sample to move the HOD signal downfield from the amine proton signals. 
Spectra of the samples were run consecutively on a Jeol MH 100 spectrometer. 
A sample for zero time was made up using 1 M DOAC instead of buffer, with 
the same complex concentration. 
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CHAPTER 3 
2+ 
HYDROLYSIS REACTIONS OF Co(Metrenen)Cl IONS 
3.1 Introduction 
A possible way to test the relative effectiveness of cis and trans 
deprotonated conjugate bases as active reagents for base hydrolysis is to 
compare the hydrolysis rates of similar species, differing only in the 
presence· or absence of a specific site for deprotonation. For this approach 
to be effective one must have reasonable evidence that all other factors 
which might affect the rate of base hydrolysis are essentially constant for 
the different species, so that one is _observing only the effect of avail-
ability of specific deprotonation sites. 
One way of doing this is to selectively N-methylate a co-ordinated 
amine and some work on this theme will be described in this Chapter. 
Another method is to compare configuration isomers of the same complex, an 
approach which will be discussed in the next Chapter . . 
It has already been noted that the proton on the secondary nitrogen 
f th ( 2+ . . . o es-Co trenen)Cl ion is very labile, so much so that base hydrolysis 
via deprotonation at any other site seems unlikely. An interesting 
experiment then is to observe the effect of N-methylation of this centre on 
the rate of hydrolysis. If trans deprotonation is effective in this case, 
one might expect a fairly drastic drop in the hydrolysis rate on methyl-
ation of the trans centre. 
The required ligand, Metrenen (l,8-diamino-3-aminoethyl)-6-methyl-
3 6 d . ) h b th . d61 . , - iazaoctane , as een syn esise and incorporated in the complex 
2+ Co(Metrenen)Cl . · · 1 k 62 . h th' . Initia wor wit is material showed that it was 
the t-isomer, and hence not directly relevant for comparison with 
2+ 63 
s-Co(trenen)Cl . More recent work has resulted in the preparation of 
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2+ 
the s-isomer of Co(Metrenen)Cl and the structural assignment has been 
1 . 64 confirmed by X-ray crystallographic ana ysis. 
2+ 
t-isomer s-isomer 
In this Chapter the available kinetic data for these isomers is collected 
and discussed and the stereochemistry of their hydrolysis reactions are 
investigated. 
3.2 Base hydrolysis and proton exchange results 
Proton exchange kinetics of the s-Co(Metrenen)Cl2+ ion in o2o were 
measured using 0.1 M acetate buffers with the sample continuously in the 
NMR probe at normal probe temperature (34±1°). Data were obtained by 
repetitive scans over a period of time. Plots of log((peak height ) t-(peak 
height) ) versus time were linear for at least two half-lives and t he 
00 
derived rate constants are listed in Table 3.1 together with data f or the 
. 62 t-isomer. 
Base hydrolysis rate constants for the two isomers obtained 
spectrophotometrically are collected in Table 3.2 (p. 60) . 
Visible absorpti on sepctra o f the two isomers are shown in Figure 1 . 
Extinction coefficients for the two isomers are for the s-isomer: 
227 -1 -1 and 241 -1 -1 t-isomer: E536 = M cm E377 = M cm . ; and for the 
331 -1 -1 and 294 -1 -1 E534 = M cm 
€ 36 7 = M cm 
TABLE 3.1 
Rate Constants for Deuteration of s- and t-
2+ Co(Metrenen)Cl at 34° 
-1 -pD [OD ] I M k sec 
obsd' 
2+ a X 10-lO X 10-4 s-Co(Metrenen)Cl 4.79 2.34 1.2 
5.05 4.26 X 10-lO 1.7 X 10-4 
2.2 X 10-4 
5.45 8.50 X 10-lO 3.4 X 10 -4 
4.1 X 10 -4 
. 2+ 
t-Co(Metrenen)Cl 4.50 1.0 X 10-3 
1.7 X 10-4 
5.15 1.5 X 10-3 
1.4 X 10 -4 
a in 0.1 M acetate buffers,µ~ 1 M with complex 
b kOD = kobsd/[OD-] using KD20 = s.80 x 10-15· 
b 
-1 
kOD' M 
5.1 X 105 
3.9 X 105 
5.2 X 105 
4.0 X 105 
4.9 X 105 
2.3 X 10 7 
3.6 X 106 
7.6 X 105 
7.0 X 105 
c numbers in parentheses are the number of protons exchanged. 
d NH 2 protons at lowest field 
e data from Ref. 62 (µ = 2 with KCl). 
f misprinted as 109 in Ref. 62. 
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Figure 1: Visible absorbtion spectra of Co (Metrenen)Cl2+ isomers , (---) s-isomer,5.59xl0-3M; 
(- - -) t-isomer, 5 . 79xl0-3M, both in O. lM HCl , light path 2cm . 
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Figure 2: 100 MHz pmr spectra of Co(Metrenen)Cl2+ ions 
O.OlM DCl, Bottom- t- in O.lM DCl. 
Top- s - in 
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3.3 
2+ Stereochemistry: Hg induced aquation 
2+ Pmr spectra of the two Co(Metrenen)Cl isomers, Figure 2, in o
2
o 
each show a sharp singlet peak due to the methyl group at 2.57 and 2.71 o 
(downfield from TMS) for the s- and t-isomers respectively. These signals 
are well separated and clearly visible even in low concentrations and are 
an excellent method for determining the composition of isomer mixtures. 
The products formed by Hg 2+ induced aquation and base hydrolysis of 
s- and t-Co(Metrenen)Cl 2+ were characterised from pmr spectra, using the 
sharp resonance due to the methyl group. Reaction were followed in the NMR 
spectrometer using t-butyl alcohol as an internal reference (shifts down-
field from TMS calculated for TBA at 1.28 o). Samples of s- and 
t-Co(Metrenen)cl2+ were induced to aquate in o
2
o solution bf Hg 2+ and dilute 
2+ 2+ + -3 
nitric acid. For s-Co(Metrenen)Cl (~ 0.05 Min 0.1 M Hg , D ~ 10 M) 
the reaction was quite rapid (t½ ~ 30 min at 25°) and the resonance at 
o 2.57 (ppm downfield from TMS) vanished and was replaced by a single 
resonance at 2.48 o. When NaOD was added to the tube, converting the aqua 
complex to hydroxo form, the methyl resonance shifted to 2.63 o. Only one 
methyl resonance was seen in the products. 2+ A sample of t-Co(Metrenen)Cl 
treated in a similar manner ([Co]~ 0.1 M) reacted more slowly (t½ ~ 6 
hours at 25°). In this case the initial methyl resonance at 2.71 o was 
replaced by one at 2.80 o. On addition of NaOD this shifted to 2.59 o. 
It has been demonstrated previously for other Co(III) pentaamine 
15 2+ 32 2+ 11 
chloro complexes (trans-Co(NH 3 ) 4 ( NH 3 )cl , Co(en) 2NH 3c1 , 
s-Co(trenen)cl 2+ and aS-Co(tetraen)cl 2+ 
42
) that mercuric ion induced 
aquation leads to full retention of stereochemistry in the products. The 
present results are consistent with this occurring for s- and 
2+ 
t-Co(Metrenen)Cl also. Hence the experimental data can be used to find 
the chemical shifts of the methyl group in the aqua and hydroxo complexes 
for both s- and t-isomers. The results are summarised below. 
3.4 
species 
2+ Co(Metrenen)Cl 
. 3+ Co(Metrenen)OH 2 
2+ Co(Metrenen)OH 
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Chemical shift of the N-methyl resonance, o 
(in ppm downfield from TMS) 
s-isomer t-isomer 
2.57 2.71 
2.48 2.80 
2.63 2.59 
Stereochemistry of spontaneous aquation 
. f ( 2+ The products from spontaneous aquation o s- and t-Co Metrenen1Cl 
were investigated using pmr spectra of samples of the complexes in 0.01 M 
DCl kept at 52°. 2+ The reaction with t-Co(Metrenen)Cl was very slow, but 
after 7 days a peak with o 2.78 could be seen increasing, corresponding to 
3+ 
the formation of t-Co(Metrenen)OH 2 . 
· f ( · ) 2+ d. h The spontaneous aquation o s-Co Metrenen Cl un er t e same 
conditions was much faster (half-life~ one day) as shown by the appearance 
3+ 
of a peak at 02.50 ppm due to s-Co(Metrenen)OH 2 . However the growth of 
other peaks at o 2.71 and 2.80 indicated isomerisation of the s- chloro and 
aqua species to their respective t-isomers (Figure 3). 
2+ 
s-Co(Metrenen)Cl 
2.57 o 
2+ 
t-Co(Metrenen)Cl 
2.71 o 
t½ ~ 1 day 
t½>l week 
3+ 
s-Co(Metrenen)OH 2 I 2. 50 c 
1 3+ 
t -Co (Metrenen)OH 2 
2.80 o 
The relative intensities of the peaks, combined with the slow aquation rate 
I 2+ 3+ 
of t-Co(Metrenen)Cl , show that the t-Co(Metrenen)OH 2 arises mainly by 
. . . f ( ) 3+ isomerisation o s - Co Metrenen OH 2 though the pmr spectrum (Figure 3) at 
12 hours indicates that up to 10% might arise directly from aquation of 
2+ 
s-Co(Metrenen)Cl with stereochemical change. 
• 
-s-Cl 
--- s-OH 2 
t = 0 12 hours · 38 hours 7 days 
Figur e 3: Spont aneous aquation of s-Co(Metrenen)Cl2+ in 8.01M DCl (52°). 
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3.5 Stereochemistry of base hydrolysis 
2+ The products formed on base hydrolysis of Co(Metrenen)Cl isomers 
were determined by dissolving the complexes in suitable solutions and 
observing the change in the pmr spectra as hydrolysis progressed. 
s-Co(Metrenen)Cl 2+ was dissolved in 0.1 M imidazole-DCl buffer (pD 6.70, 
34°). As the hydrolysis reaction proceeded the methyl resonance at 2.6-1 o 
was replaced by one at 2.63 o. After one hour the mixture was acidified 
by addition of o2so4 , the methyl signal being shifted to 2.49 o. Only one 
methyl resonance was observed. 
Base hydrolysis of t-Co(Metre·nen)Cl 2+ was observed by dissolving a 
sample in o2o and adding NaOD. The methyl resonance due to the starting 
material at 2.71 o was replaced by one at 2.59 o, which moved to 2.80 o 
when the solution was acidified with o2so4 . 
Reference to the table for identification of the various aqua and 
hydroxo species shows that in each case there has been retention of 
stereochemistry in base hydrolysis. For both isomers there was no sign 
( 
of more than one methyl resonance at the conclusion of hydrolysis so that 
the extent of retention is certainly> 95%. 
3.6 Discussion 
2+ The base hydrolysis rate data for the isomers of Co(Metrenen)Cl 
(Table 3.2) show that hydrolysis of the s- isomer is some twenty times 
2+ faster than s-Co(trenen)Cl and four hundred times faster than 
2+ 
t-Co(Metrenen)Cl . Fastest rate constants for proton exchange of these 
three complexes (at 34°) are 5 x 105 , 6 x 109 and 2 x 107 M-l sec-l 
respectively. Clearly there is no correlation between hydrolysis rates 
and proton exchange rates, nor any with availability of different proton 
exchange sites. 
60 
TABLE 3.2 
Rate constants for base hidrolysis of 
and t-Co(Metrenen)Cl 2+ 
(µ = 1.0, NaClO4 , 25°, pK = 13.77, [Co] 'v w 
k -1 pH 
obsd' sec 
2+ a 10-3 s-Co(Metrenen)Cl 7.19 3.0 X 
8.08 2.6 X 10-2 
9.10 0.25 
2+ b 10-5 t-Co(Metrenen)Cl 8.55 1.9 X 
9.05 5.3 X 10-4 
10.21 7.7 X 10-3 
. 2+ C 
s-Co(trenen)Cl 
a. Data from Ref. 63 
b. Data from Ref. 62 
c. from Ref. 26 corrected for pK = 13.77. 
w 
s-
10- 3 M) 
kOH' 
M-1. -1 sec 
1.1 X 104 
1.3 X 104 
1.2 X 104 
31 
27 
28 
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An explanation must be sought for the difference between the 
2+ 2+ hydrolysis rates of s-Co(Metrenen)Cl and s-Co(trenen)Cl , and an 
obvious one is that methylation introduces steric strain. Reference has 
already been made to the Co(CH3NH 2 ) 5c1
2
+ ion (Section l.2C) to show how 
steric crowding can cause a large increase in hydrolysis rate. The 
suggestion is that the Co-Cl bond is well stretched in the activated 
complex and that this relieves some of the crowding. As a result the 
transition state is at a lower energy above the ground state than for an 
analogous strain free substrate, and the reaction is accelerated. 
A similar effect is easily envisaged for the s-Co(Metrenen)cl 2+ ion: 
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.. 
These effects can be quantified by us ing strain e nergy minimisation 
calculations which will be fully described in Chapter 6. The calculations 
produce an estimate of the energy of a molecul e that can be a ttributed to 
steric strain, enabling quantitative comparison of the effects of steric 
crowding in different isomers. Some relevant result $ a re listed 1.n Table 
TABLE 3. 3 
2+ 
s-Co(trenen)Cl 
2+ 
t-Co(trenen)Cl 
2+ 
s-Co(Metrenen)Cl 
2+ 
t-Co(Metrenen)Cl 
2+ 
~-p-(R)-Co(Metrenen)Cl 
2+ 
~-p-(S)-Co(Metrenen)Cl 
strain e ne-r gy, kcal/mol 
12.6 
13.8 
20.1 
17.7 
23.l 
26 .1 
Comparing the values for analogous trenen and Metrenen isomers one 
. 2+ 
sees that methylat1.on of s-Co(trenen)Cl increases the strain energy by 
7.5 kcal/mol as against onl y 3.9 kcal/mol for the t-isomer. This affirms 
the hypothesis that the s-Co(Metrenen) Cl 2+ ion s uffers from severe crowding, 
so that the rapid rate of base hydrolysis can be a ttributed to steric 
acceleration. 
For the purpose of the stereochemical studies mercurous ion induced 
aquation has been used as a standard to f i nd the ch a racteristic pmr shifts 
of the methyl group in the various p roducts. This r eaction has been shown 
. 11 32 42 
in many similar systems to go with full retention of s tereochem1.stry. ' ' 
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The stereochemistry of spontaneous aquation was only investigated in 
a preliminary manner. Aquation of the t-Co(Metrenen)cl 2+ ion appears to go 
with full retention. Aquation of the s-isomer produces both s- and t-
products. The actual aquation reaction seems to go largely with retention 
of stereochemistry but under the conditions of the experiment there is 
isomerisation of both the s-chloro ands-aqua species to their t- analogues. 
The mechanism of such an isomerisation for the chloro complex 
2+ 
s-Co(Metrenen)Cl 0.01 M DCl 52° 
. 2+ 
t-Co (Metrenen) Cl 
is uncertain, though it would be most unusual if it did not proceed by loss 
of Cl, i.e. hydrolysis and anatioh. In this particular experiment the 
perchlorate salt of the complex was used, so that the total chloride 
concentration ·in solution would have been very low(< .05 M). 
The stereochemistry of base hydrolysis for both isomers is entirely 
(> 95%) retentive. This is unusual in Co(III) chemistry, where some 
stereochernical change is alsmost always seen. For the t-isomer this can 
be explained by consideration of the probable intermediate. For this 
isomer an intermediate of roughly square pyramidal geometry would seem most 
likely since to generate a trigonal bipyrarnid requires that one chelate 
ring span the large angle (~ 120°) between two equatorial co-ordination 
sites. This is a most unfavourable configuration for a five-membered ring. 
CN r-=N /Me C:i- -N N--1-N N--- ---...N c_~e,c/ 
-Cl c_~e, / I/ o //Co or N Co N I '----c1 N I "'-l "N GN LN 
From the point of view of strain, calculations show that at- configuration 
is very much more stable than s- or p- so that any rearrangement away from 
square pyramidal geometry, which must tend towards ans- or p- configuration, 
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is likely to be energetically unfavourable. Hence retention of configur-
ation is the most likely course for the reaction. 
For the s- isomer retention of configuration is not so expected. In 
this case a trigonal bipyramidal intermediate seems most likely to be 
formed and this will be open to attack 
{ '( . (b) 
ri:-r]N .7 s-(R) 
.N--Co .--(a) -~ 6-p (R) -M(k::I ~ N ~(c) J\-p(R)-
(c) N 
s-(R)-
from any of three directions. Consideration of a model of such an inter-
mediate does not indicate any great difference in steric hindrance between 
the three sites, so that one might expect a _mixture of products. This is 
observed for base hydrolysis of s-trenen complexes (see Chapter 5). However 
with the trenen complexes one also finds that the products with p-
configuration are short lived and rearrange to s- products within a few 
seconds of their formation (Section 2.5A). This could be occurring on 
hydrolysis of s-Co(Metrenen)Cl 2+ also since, if the unstable p- products 
are only present at low concentrations at any one time (< 5%), their 
presence would not be detected in pmr spectra. 
3.7 Experimental 
[Co(Metrenen)Cl] (Clo4 ) 2 . Samples of both the s- and t- isomers were 
supplied by Dr. A. M. Sargeson. 
C, 21.76; H, 5.08; N, 14.10. 
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Found: s-isomer c, 21.4; H, 5.51 N, 13.7 
t-isomer C, 23.1; H, 5.81 N, 14.9. 
Preparation of s-[Co(Metrenen)Cl]Cl2 
-4 
s-[Co(Metrenen)Cl] (Clo4 ) 2 (247 mg, 5.0 x 10 mo1es) was dissolved in 
acidulated water (50 ml) and treated with a solution of tetraphenyl arsonium 
chloride (408 mg, 9.7 x 10-4 moles) in water (10 ml). The solution was 
heated to 80° for 5 min to coagulate the precipitated ~4AsClO4 , filtered 
and evaporated to dryness. 
Pmr spectra were obtained by dissolving s-[Co(Metrenen)Cl] (ClO4 ) 2 (0.05 M) 
or t-[Go(Metrenen)Ci] (ClO4 ) 2 (~O.2M)in the appropriate medium in NMR tubes. 
The samples were kept at the required temperature in a water bath (±1°) and 
pmr spectra were measured at intervals. Tertiary butyl alcohol was used as 
an internal reference. 
Proton Exchange of s-[Co(Metrenen)Cl]C12 in 0.1 M acetate buffers (in o2o, 
34°, [Co]~ 0.3 M, µ ~ 1) was observed continuously in the NMR spectrometer 
(Jeol MH-100). 
--
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CHAPTER 4 
THE SITE OF DEPROTONATION IN THE BASE HYDROLYSIS 
2+ OF Co(Tren) (NH 3 )Cl IONS 
4.1 Introduction 
In the previous Chapter it was found that selective N-methylation 
was of no advantage in determining the relative effectiveness of cis and 
trans deprotonation in base hydrolysis. The effects of steric strain are 
sufficient to · overshadow other factors. 
Another _approach to the problem is to use configurational isomers 
of the same complex ion, such that one isomer has a trans proton and the 
other does not. In this way it should be possible to maintain unchanged 
the effects of other factors on the rate of base hydrolysis. The lesson 
of the last Chapter is that much care must be taken to choose a system in 
which the isomers have closely analogous properties. The cis and trans 
isomers of Coen
2
c1
2
+, for instance, are uninformative because of the gross 
differences in electronic character between them. 
Two apparently good subjects for this type of study are the isomers 
2+ 
of the Co(tren) (NH
3
)cl ion (tren = tris(2-aminoethylamine) . 
p-isomer t-isomer 
Figure 1 
These are illustrated in Figure 1. Following the trivial nomenclature 
described in Section 1.3 the isomers are named p- or t- as there is a 
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p rimary or tertiary amine nitrogen centre co-ordinated trans to the chloro 
ligand. Superficially the complexes appear to be electronically equivalent 
and strain free or at least equally strained and no undue influence should 
arise from these sources. It seemed therefore that an analysis of base 
hydrolysis, and proton exchange rates along with some quantitation of the 
strain problem might allow an evaluation of which deprotonated reactant 
leads on to hydrolysis. 
4.2 Results 
Pmr and Proton Exchange: The 100 MHz pmr spectra of the two isomers 
in 0.1 M DCl and d6 -DMSO are presented in Figure 2. In 0.1 M DCl both 
isomers show braod resonances due to the six NH 2 protons, partially 
resoived into peaks integrating for two and four protons. For the purple 
isomer these peaks are at 5.2 and 5.4 o (ppm relative to TMS) and for ci10 
red isomer at 5.2 and 4.9 o. The NH
3 
resonance for the purple isomer occurs 
at 3.7 o partially resolved from the complex methylene resonances. In D2O 
this signal vanished as NH 3 was deuterated. For the red isomer the NH 3 
resonance lies in the region 3.7-3.8 o but is obscured by fine structure 
due to the methylene protons. On addition of D2so4 this resonance sharpened 
and shifted to 3.6 o. On deuteration the NH 3 region lost intensity but the 
overlying methylene signals remained. 
The pmr spectrum of the purple isomer in d6 -DMSO shows a single broad 
NH 2 resonance at 5.4 o and a sharp NH 3 resonance at 3.7 o. ror the red 
isomer there are two NH 2 resonances, 5.4 and 4.9 o, integrating for 4:2 
protons. The s harp resonance at 3.85 o is due to NH 3 . 
Proton exchange in the isomers was followed by collapse of the NH
2 
and NH 3 signals in D2o buffer solutions. Plots of log [(peak height) -t 
(peak height) ] against time were linear over at least 2 half-lives. For 
00 
the red isomer, the signal at 4.9 o showed an initial rapid loss of two 
A C 
B D 
5 4 3 2 6 5 4 3 
Figure 2 ~ 100 MHz pmr spectra of Co(tren)(NH3)c1
2+ ions: ( a ) and (c) 
red isomer in O.lM DCl and d6-DMSO respectively, (b) and (d) purple 
isomer in O.lM DCl and d6-DMSO respectively. 
~ 
TABLE 4.1 
2+ a 
Proton Exchange Rates for [Co(tren)NH3Cl] Isomers at 25° 
2+ 
Purple Isomer: t-[Co(tren) (NH 3)Cl] 
-1 4 -1 10-5 .k 
pD 10 .kb sec 
M- sec 
0 S ex 
5.33 b 
5.40 C 
5.67 b 
6.15 d 
Red Isomer: 
(85.4) 
4.6 (4) f 6.8 
4.0(4) 
6.8(4) 
32 (4) 
2+ 
p-[Co(tren)NH )Cl] 
3 
5.0 
4.6 
7 . 2 
-1 e 4 -1 10-5 .k -1 
-1 e 
10 .kb sec M sec 
0 S ex 
4 10 .kb sec 
0 S 
(85.2) (o3. 7> 
2.9(2) 4.3 2.1(3) 
g 2.6(3) 
4.9(2) 3.3 4.1(3) 
21 (2) 4.6 18 (3) 
-1 10-5 .k -1 M sec 
-1 e 
ex 
3.2 
3.3 
2.8 
4.1 
4 -1 
-5 k 
10 · ex 
-1 
M 
-1 e 
sec 
4 -1 
10 .kb sec -7 k 10 · ex 
-1 
M 
-1 e 
sec 
4 -1 
10 .kb sec -5 k 10 · ex 
-1 
M 
-1 e 
sec 
pD 
3.71 b 
4.32 b 
4.68 b 
6.15 d 
10 .kb sec 
0 S 
(85.2) 
'v6 ( 2) 
a µ 'vl with complex, [Co]'v0.2 M 
e using p~ O = 14.50 (25°, µ = 
2 
0 S 
(84.9) 
5.7(2) 
23 (2) 
49 (2) 
'vl 
b 0.1 M Acetate buffer 
1), kOD - k - obs/[OD] f 
g exchange obscured by HOD signal. 
3.5 
3.5 
3.4 
c 0.05 M Acetate buffer 
0 S 
Co3. 7) 
1\,6 ( 3) 'vl 
d 0.1 M Imidazole buffer 
the figure in brackets gives the number of protons involved 
in the exchange. 
~ 
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Figure 3: Visible absorbtion spectra of purple (-- ) and red ( - - - ) 
2+ 2+ . Co ( tren) (NH3)Cl and of r e d Co(tren)(NH 2cH2CHO)Cl (- . - . -) in lM HCt . 
' 
67 
protons and a subsequen-: slower loss of the remaining two. The observed 
rate constants are give n in Table 4.1. 
The results are =onsistent with the rate law 
-d[H-complex] 
dt = k [OD] [H-compled] ex for both isomers. 
Base Hydrolysis of the isomers in varicus buffers was consistent 
only with loss of Cl • Ion exchange of the qt:.enched reaction mixtures and 
final products showed only unreacted chloro complexes (Fig. 3) and aqua 
products. The spectral change is also consist .ent with this analysis and 
the rates were followed by the absorbance char.ge. Plots of log (A -A) t 00 
against time were linea.r for at least three hcLlf-lives, and the reactions 
were followed for at least 1O.t½. The observed rate constants are given in 
Table 4.2. There was no buffer dependence and the observed rate law for 
both isomers, over the conditions used, has the form 
-d[chloro complex] 
dt = k 08 [chloro complex] [OH] 
Products of Base Hydrolysis: The products from base hydrolysis of 
each of the isomers were analysed by separating the aqua from any unreacted 
material, reanating them with chloride ion, and separating the resulting 
chloro complexes by ion-exchange chromatography. To prove that the anation 
reaction goes with retention of stereochemistry, a sample of each isomer 
. d d 'th + . was in uce to aquate wi Ag ion. Induced reactions of this type occur 
9 11 32 
with retention in pentaamine cobalt(III) systems. ' ' The aqua species 
were reanated with chloride ion and ion exchange chromatography showed only 
one product in each case, corresponding to the starting material. Analysis 
of the products from ba.se hydrolysis of the purple isomer showed 15. 3± 1. 0% 
of aqua product with the same configuration as the purple isomer with the 
remainder isomerised to the configuration of the red form. Hydrolysis of 
TABLE 4.2 
Rate Constants for Base Hydrolysis of [Co(tren)NH3c1]
2
+ 
Isomers at 25° andµ= . 1.0 (NaCl04 ) 
a,e . 2+ 
Purple Isomer t-[Co(tren) (NH 3 )Cl] 
[NaOH] , M 
1.00 
0.400 
0.100 
0.040 
4 -1 10 .k , ·sec 
obs 
200 
87 
20 
7.9 
2 b -1 -1 
10 .kOH' M sec 
2.0 
2.2 
2.0 
2.0 
c,e 2+ Red Isomer p-[Co(tren) (NH 3 )Cl 
a 
b 
C 
d 
e 
pH 
9.63 
9.46 
9.02 
8.69 
8.44 
followed at 550 nm 
kOH = kobs/[OH] 
3 
10 .kb , 
0 S 
26.2 
17.8 
7.37 
3.61 
1.52 
-1 
sec 10-2 .k b M-l OH' 
3.6 
3.6 
4.1 
4.3 
3.6 
followed at 490 nm, in 0.1 M Diethanolamine buffers 
calculated using pK = 13.77 (25°, µ = 1.0) 
H
2
0 
-3 [Complex] 2 x 10 M 
-1 
sec 
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the red isomer gave only aqua product with the configuration of the red 
product (>98%). Reaction mixtures were analysed after about one and ten 
half-lives and 15 hours (>150.t~) with no change in the result. Yang .Jnd 
Grieb65 have suggested that the red isomer is unstable with respect to the 
purple form, but in this study there was no observed isomerisation in 
either direction. 
Strain Energy Minimisation: The two structures p and 
t-[Co(tren)NH3c1
2
+ (Fig. 1) have been studied by the strain energy minimi-
sation technique as will be fully described in Chapter 6. 
A comparison of the data for the two structures shows that the t 
isomer is~ 0.8 kcal more strained than the p isomer and that the larger 
part (0.5 kcal) of this difference occurs in bond angle deformations. The 
energy difference cannot be ascribed to any particular interaction but 
appears to be spread evenly over the molecule. Also a strain energy 
difference of 0.8 kcal is too small to have any gross effect on the 
relative rate of reaction of the two isomers. 
4.3 Discussion 
Structural Assignment: The p and t structures were assigned 
• 1 65 th I I d d • • 1 previous y to e purpureo an re isomers respective y. The assign-
ment was made on the basis of infra-red spectra and a supposed splitting 
of the NH 3 proton-resonance of the red isomer. This splitting was not 
observed in the present study. Moreover new data leads to a reversal of 
the assignment. 
For complexes of cobalt(III)-chloropentaarnrnine type amine protons 
trans to chloride exchange i~ o2o much faster than those cis.
25 This rate 
- 2+ 
enhancement factor is 50 for the Co(NH3 ) 3c1 ion, 300 for 
2+ 5 2+ 
trans-[Co(en) 2NH 3Cl and about 10 for the [Co(trenen)Cl] ion. Consider-
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ing the two [Co(tren)NH3Cl]
2
+ isomers we find that the red isomer exchanges 
7 -1 -1 
two protons with a rate constant 3.2 x 10 M sec while the purple 
isomer shows exchanges at rates no faster than 7 x 105 M-l sec-l In 
addition, there is a factor of~ 100 between the fast exchange of the red 
isomer and any subsequent exchange. Moreover all exchange rates for the 
5 -1 -1 purple isomer lie within a factor of three (~ 3-7 x 10 M sec ) and are 
about the same as the slow exchange rates for the red isomer. These results 
imply that the two rapidly exchanging protons of the red isomer are trans 
to Cl consistent with the red isomer having the p-structure. In the purple 
t- isomer all the amine protons are cis to Cl-. The assignments give 
comparable exchange rates for all N-protons cis to co-ordinated Cl. 
Additional evidence for this assignment ~rises from the reactions of 
( ) ( 2+ . 66 the [Co tren NH 2CH 2CHO)Cl] ion. The carbonyl function of co-ordinated 
aminoacetaldehyde undergoes a base catalysed intramolecular condensation 
with a primary amine center of the tren ligand. The process gives 
stereospecifically one isomer of the imine condensation product which can 
then be reduced to give the isomer s-[Co(trenen) C1] 2+ Fig. 4. The product 
can only arise if the arninoacetaldehyde complex has the p-configuration. 
NH2 
I 
HC-CH II 2 
0 
2+ 
) 
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2+ 2+ 
The visible spectrum of p-[Co(tren) (NH 2cH2CH0)Cl] and p-[Co(tren)NH3Cl] 
2+ 
coincide closely and differ from that of t-[Co(tren)NH3Cl] • 
Site of Deprotonation: The two isomers of [Co(tren)NH3C1]
2
+ allow 
a test of the effect of the presence and absence of an exchangeable amine 
proton trans to the leaving group Cl on the rate of base hydrolysis of 
-Cl . The ions are closely analogous; electronic differences are 
+ 
negligible compared with those in cis and trans-[Co(en) 2c1 2 ] for example. 
The strain energy calculations indicate little difference in steric strain 
between the two isomers and we could expect therefore comparable 
reactivities from these sources for the deprotonated reactants. The 
difference in reactivity for the parent ions could come therefore from 
different concentrations of deprotonated reactants and from differences in 
the transition states for the reacting ions. 
Previously it was shown that N-protons trans to co-ordinated Cl 
deprotonate faster than those cis for comparable species. This might also 
be taken to indicate that those species are also more acidic than their cis 
f 
counterparts. The proposal is supported by the collection of evidence for 
linear free energy relationships between proton exchange and equilibria 
67 
especially for similar acids and we assume that holds here. It follows 
that the species which exchanges its protons most rapidly, i.e., the most 
acidic isomer, p, should be more reactive than the t isomer which has no 
N-H centre trans to Cl-. This is observed, in fact pis ~10 4 fold more 
reactive than t. The proton exchange rates would presuppose a factor of 
102 difference and the residue presumably should reside in the reactivity 
difference between the two deprotonated reactants. 
The strain energy studies indicate that if anything, isomer t should 
be a little more reactive than p. However a prospect exists that the 5 
co-ordinate intermediate arising from pis more readily generated than that 
from t and this thesis is examined in the next section. 
d 
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In a previous publication26 dealing with base hydrolysis of 
s-[Co(trenen)C1] 2+ i t was argued that t he N- H trans to Cl was deprotonated 
to give the most reactive centre. The a r gume nt arose from the fact that 
proton exchange at the site in question was ~ 10 5 fold faster than for N-H 
-sites cis to bound Cl . . This required the c~s deprotonated species to be 
at least 106 fold more reaGtive than the t rans deprotonated ion if reaction 
was -to occur through the cis deprotonated form . It was felt at the time 
that this was an improbable diffe rence i n r eactivity for cis and t~ans 
deprotonated species. The present study supp o r t s that opinion and reaffirms 
trans deprotonation to give the most reactive species. 
A general conclusion which follows is that in some circumstances 
there will be competing deprotonations at diff e rent sites and competing 
reactivities of deprotonated species for the same molecule. At the moment 
there appears to be no real evidence for this prospect probably because 
closely analogous complexes have been chosen for base hydrolysis studies 
where one site dominates the issue. 
Isomer pis nicely poised t o gene rate the tripodal form of tren in 
the intermediate as shown in Fig. 5. This s eems a very reasonable prospect 
in view of the studies which show tha t l igands of this nature favour 5 co-
35 
ordinate species of the trigonal b i pyramidal type. Addition of a water 
molecule at any of the trigonal e d ge s r egener ates the same structure as the 
reactant which is consistent with the hydrolysis result. It is unlikely 
that hydrolysis of the t i somer can produc e a trigonal-bipyramidal inter-
mediate without rearrangement of the ammoni a ligand. The diaminoethane 
bridges of tren cannot be extended to span the 120° angle between equatorial 
sites o f a trigonal bipyramid without extensive strain being generated in 
the chelate rings. A square-pyramidal intermediate could be formed without 
rearrangement but it is clear that this is not sufficiently stable since 
it would be expected to lead to full retention of the t-configuration which 
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is not observed. Rather, there must be rearrangement of the NH3 towards a 
p-configuration. The observed product distribution, Fig. 5, can then be 
explained in two ways: (a) by .formation of an irregular intermediate which 
could give rise to a mixture of products or (b) by a kinetic effect in which 
the intermediate rearranges partly to the same regular intermediate seen 
for the p isomer. The observed product distribution (85% p and 15% t) 
presumably aris.es by entry of the nucleophile competitively at different 
sites (paths (b) and (c)) or in competition with the rearrangement process 
to the more regular trigonal bipyramidal intermediate (paths (a) and (c)). 
Regardless of how the results are rationalised with respect to possible 
intermediates, two types at least appear to be required to explain the 
results for both isomers. 
It was unfortunate that competition experiments in the presence of 
-N3 which may have allowed the detection of the competitive rearrangement 
were inconclusive. The difference in the reactivities of the two azido 
isomers was such that under the conditions required to hydrolyse the 
slowest chloro isomer in the presence of N3 the azido product of the more 
labile isomer also partly hydrolysed. 
4.4 Experimental Section 
Synthesis of [Co(tren)NH 3Cl]C1 2 , Purple Isomer: Tren.3HC1 (25.6 g) 
and NaOH (12 g) were dissolved in water (200 ml) and NaClo4 .H 2o (50 g) 
added after a clear solution had formed. ·co(Cl04 ) 2 .6H 2o (~6.7 g) in water 
(100 ml) was added, followed immediately by NaN0
2 
(10 g) in water (100 ml). 
A brown solution contai1ing some greenish precipitate was formed, but on 
vigorous passage of air for 45 min the precipitate dissolved and a 
crystalline, khaki solid was deposited. This was washed on the filter with 
a little ice-water, then CH 30H and H2o. Yield 35 g. (95%) presuming a 
constitution of [co2 (tren) (NO) O] (Clo) . 2 2 2 4 2 
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Peroxo dimer (35 g) was added in portions to hot concentrated HCl 
(200 ml) and heating (steam bath) continued for 10 min after the final 
addition. Ethanol (300 ml) was mixed in to the deep blue solution and, on 
cooling, a near quantitative yield of flaky blue c~ystals was obtained (31 
g) • 
[Co(tren)Cl
2
]Cl (1.0 g) was suspended in a saturated solution of 
ammonia in methanol (50 ml) and w~rrned to 30-40° for 30 minutes, during 
which time the suspension changed from blue to pink. The mixture was cooled 
and anhydrous ether (100 ml) added. The solids were collected and dissolved 
in water (90 ml). NaOH (10 ml, 1 M) was added and the solution stirred for 
10 seconds before acidifying with concentrated HCl. The resulting mixture 
was diluted with water and sorbed on an ion-exchange column (Dowex 50WX2, 
+ 200-400 mesh, H form, 5 x 10 cm) and washed with water. 
was obtained by eluting the purple band with 1 M HCl and evaporating the 
solution to dryness. (E 530 , 136; E 363 , 126 M-l crn-
1 ). The complex was 
recrystallised from 1 M HCl by adding ethanol. Anal. Calcd for 
H, 6. 7; N, 20 . 9. 
Synthesis of [Co(tren)NH3Cl]Cl(Cl04 ), Red Isomer: Freshly prepared 
68 [Co 2 (NH 3 ) 10o2 ] (N0 3 ) 4 .2H 2o (20 g) was added to a solution of tren (10 g) 
in water (150 ml) and a stream of air was bubbled through the mixture for 2 
hr. Concentrated HCl (50 ml) was added, the mixture was heated to 80° on a 
steam bath and evaporated to low volume. The solution was cooled and sodium 
perchlorate added. The red crystals were collected and washed with ethanol. 
-1 -1 (E 512 , 94.3; s 367 , 98.7, M cm ) • Anal. Calcd for 
[Co(C6 H18N4 ) (NH 3 )Cl]Cl.Cl04 : C, 18. 35 ; H, 5.40 ; N, 17.84. Found: C, 18.3; 
H, 5.4; N, 17.6. 
Pmr and Proton Exchange: The pmr spe ctra we re obtained with a JEOL 
MH 100 spectrometer using solvents d6 -DMSO and 0.1 M DCl. In the latter 
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instance o
2
so
4 
(98%) was used to move the HOD signal downfield and away 
from ttie N-proton signals. Proton exchange for the purple isomer was 
followed at 25° using 0.1 M acetate and imidazole buffers. The faster 
exchange rate of the red isomer was measured by dissolving the complex 
(200 mg) in 0.1 M acetate buffer (5 ml) at 25°. Samples (0.5 ml) were 
withdrawn at intervals, quenched with o2so4 (98%, 0.2 ml), and their pmr 
spectra measured under identical conditions. The slower exchange rates for 
the red isomer in imidazole buffer were observed by scanning the spectrum 
at selected times. 
Base Hydrolysis was followed spectrophotometrically (Cary 16K) at 
25°±0.05° in buffer solutions (0.1 M diethanolamine) for the red isomer and 
sodium hydroxide solutions for the purple isomer using stopped flow 
techniques. The ionic strength was maintained atµ= 1.0 with NaClo4 , 
-3 ([Co]~2xl0 M). 
Base Hydrolysis Product Analysis, Purple Isomer: [Co(tren)NH 3Cl]Cl2 
(46.l mg) was dissolved in 0.10 M NaOH solution (µ = 1.0, 10 ml) at 25°. 
After 10 min at 25±0.1°, 5 ml of the mixture was withdrawn (t½ for base 
hydrolysis at this pH is 6 min), quenched with acetic acid, diluted, and 
the complexes sorbed on a cation exchange column (Bio-Rad Analytical Resin, 
Dowex 50-WX2, 200-400 mesh, 4 x 1 cm). The column was eluted with 1 M 
Nac10
4 
(pH 4) to collect the unreacted chloro complex followed by 3M HCl 
to collect the aqua complexes. The aqua complexes were reanated to the 
corresponding chloro complexes by heating the 3M HCl solution on a steam 
bath to dryness. The anated chloro complexes were dissolved in a little 
water and resorbed on a cation exchange column (~15 x 1 cm) and eluted with 
1 M NaCl0
4 
to separate the isomers. Product concentrations were determined 
spectrophotometrically. The remaining- 5 ml of reaction mixture was quenched 
after 60 min and treated in a similar manner. 
·; 5 
Red lsom(r: Samples of [Co(trL!r )NH 3Cl]Cl.Clo4 (30.4 rrg ana 2~. mg) 
dissolvL!d in 10 ml of water at 25° were mixed rap'dly w1.th d.1et1clr ..... arrur.l.: 
buffer at pH 10 (0.2 M, 25°, 10 ml) and qu~nched with acetic acid ctfLE 2 
sec (t! for base hydrolysis at this pH) and 2 min respectively. Th prod ct 
mixtures were then treated 1.n the same manner as descriLed for th ~u le 
isomer. 
Stereochemistry of Anation: A sample of purple isomer (28.9mg) was 
dissolved in dilute nitric acid (~0.l M, 5 ml). Excess silver nitrate (0.1 
g) was added and the mixture kept at ~50° for 30 min. The mixture wcs 
cooled, concentrated HCl (2 ml) was added to precipitate the remaining 
silver, and the solution was filtered. The filtrate was heated to 100° for 
10 min, cooled, diluted with wdter, and the anated complexes sorbed on to an 
+ ion exchange column (Dowex 50WX2, 1 x 10 cm, Na form. The column was 
eluted with 1 M Nac1O4 (pH ~4). A sample of the red isomer (46.0 mg) was 
tredted in an identical manner. 
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CHAPTER 5 
THE STEREOCHEMISTRY OF THE BASE HYDROLYSIS OF 
2+ 
s-Co(trenen)Oso2cH 3 
5.1 Introduction 
In the course of investigating the base hydrolysis of the 
Co(trenen)oso
2
cH
3
2
+ ion (Chapter 2) evidence was seen for the existence 
2+ 
of isomers of Co(trenen)OH in the products of the reaction. Four 
isomers (excluding catoptric forms) are possible for these trenen complex 
ions and these are illustrated in Figure 1. Nomenclature rules sufficient 
to describe these isomers have been presented in Section 1.3. Previous 
work 26142 and work described earlier in this thesis has been concerned 
n+ - -
with the properties of s- isomers of Co(trenen)X (X =Cl, Br, N
3 
, 
CH
3
so
3 
, CF
3
so
3 
, OH
2
). Some evidence for the existence of other isomers 
( ) d . 11 · 42 p- or t- was also note by Marzi i. She found that base hydrolysis 
of the s- chloro or bromo ions in the presence of azide ion yielded at 
least three azido species, separable by ion-exchange chromatography. 
This reaction has been investigated fully, with the aid of the better 
-leaving group CH 3so 3 , revealing the presence of all four possible isomers 
and enabling their identification. The study shows that a complex chain 
of isomerisation reactions occur after base hydrolysis and a discussion of 
the processes and stereochemis try ensues. 
5.2 . 2+ Base Hydrolysis of s-Co(trenen)MS in the presence of azide ion 
5.2A Kinetics 
Base hydrolysis of Co(trenen)oso2cH3
2
+ in the presence of azide ion 
was followed spectrophotometrically in the region pH8-ll using stopped 
flow techniques. Hydrolysis of the complex at this pH was fast 
-ll (kobsd > 1 sec • At 350 nm the spectrophotometric traces were character-
N 
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""-.._H 2 
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Figure 1 : 2+ Stereoisomers of Co(trenen)Cl ions,omitting 
catoptric forms. 
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ised by a fast initial rise in absorbance, a subsequent slower decrease 
and then a very slow but large increase (Figure 2). Typical half-lives 
for these processes were (at pH 9.3) less than 0.5 sec, ~100 sec and about 
two hours respectively. 
The initial process (increasing absorbanc.e at 350 run) was studied 
using a Durrum stopped flow apparatus. Plots of log (A-A) vs time were 
00 
linear for at least three half-lives and rate constants are listed in 
Table 5.1. The rate law for the process is 
2+ - -
v = kOH[Co(trenen)MS ] [OH] 
4 -1 -1 
with kOH = 7.6 x 10 M sec • There is no dependence of the rate 
constant on azide ion concentration (at constant ionic strength) though 
( 
the magnitude of the absorbance change is proportional to [N3 ]. The rate 
constant for base hydrolysis in the absence of free azide ion is 
k 
-
- 7.4 X 10 4 M-l -l th th 1 1 h sec so at e two processes are c ear y sync ronous OH 
and the increase in absorbance at 350 run can be ascribed to attack of N3 
on the five co-ordinate intermediate. 
2+ Co(trenen)MS 
-OH, -MS 
2+ fast Co(trenen-H) 2+ Co(trenen)N
3 
The rate determining step is formation of the five co-ordinate intermediate 
-by loss of CH3so3 • 
Plots of log (A-A) ·versus time for the second process were 
00 
nonlinear indicating at least two consecutive processes. The data were 
1 d b f . . 70 f . 1 ana yse y computer itting o two exponentia sand some rate constants 
derived in this manner are given in Table 5.2. Product analysis (vide 
infra) reveals a complex system of isomerisation and hydrolysis processes 
at this stage of the reaction and the kinetic analysis was therefore not 
pursued. It is not certain which of these processes give rise to the 
spectral changes. 
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TABLE 5 .1 
Rate constants for the initial process in the reaction 
2+ Co(trenen)MS + N3 + OH 
2+ Co(trenen)N3 
measured spectrophotometrically at 350 run (25°, µ = 1.0) in 0.1 M 
Diethanolamine buffers ( [Co] 'v 2 x 10-3 M) . · 
a 6 - -pH 10 . [OH ] , M [N3 ] I M 
8.20 2.69 0.5 
8.67 7.94 0.5 
9.06 19.5 0.5 
9.02 17. 8 0.25 
9.02 17.8 0.125 
9.46 49.0 0.5 
a Calculated using pK = 13.77 
w 
-1 -4 
b 
kobsd' sec 10 .kOH I M 
.18 6.6 
.67 8.5 
1.5 7.6 
1.3 7.6 
1.3 7.2 
3.9 7.9 
-1 -1 
sec 
The final slow process can be identified as the anation of 
2+ s-Co(trenen)OH with azide ion. Detailed kinetics for this reaction were 
- -4 -1 
not studied but at pH 9.50 with [N 3 ] = 0.42 M1kobsd = 1.3 x 10 sec . 
5.2B Product analysis 
In order to study further the course of the competition experiment, 
a quantitative analysis of reaction products was made at different stages. 
2+ Portions of Co(trenen)MS solution were mixed rapidly with equal portions 
of buffer solution (pH 10 in 1 M NaN3 ), stirred for set intervals and then 
acidified (pH 4). The products for each time interval were separated by 
ion exchange chromatography, eluting with 1 M Nac104 (pH 4) for azido 
species and 3M HCl for the aqua band. Product conentrations were deter-
~ 
6 -pH 10 . [OH ] , 
8.75 9.55 
9.04 18.6 
9.33 36.3 
9.98 _ 162 
9.10 21.4 
TABLE 5.2 
Spectrophotometric Rate Constants for the Second Process in the Reaction 
a 
M 
2+ - -Co(trenen)MS + N3 + OH 
~ 
2+ Co(trenen)N3 
(All conditions as detailed in Table 5.1) 
(1) -1 (2) -1 
b 
-
(1) -1 -1 
[N 3 ] , M kobsd' sec kobsd' sec 
kOH, M sec 
0.5 
-3 300 2.9 X 10 -
-3 
0.5 5.0 x ·10 - 270 
-3 -2 130 0.5 4.8 X 10 1.2 X 10 
0.5 
-2 -2 
1 . 4 X 10 7.5 X 10 86 
0.25 
-3 29.0 6. 3 x · 10 -
-3 -2 
9.44 ' 46.7 0.25 9.6 X 10 5.0 X 10 210 
-2 
9.97 
9.12 
9.52 
9.98 
a 
158 0.25 
22.4 0.125 
56.2 0.125 
162 0.125 
calculated using pK = 13.77 
w 
1. 5 X 10 
8.9 X 10 
1.1 X 10 
1.6 X 10 
-2 8. 5 X 10 95 
-3 400 
-
-2 6.6 X 10 
-2 200 
-2 0.11 100 
b kOH = kobsd/[OH] 
k(2) b M -1 -1 sec 
OH' 
300 
460 
1100 
540 
1200 
680 
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mined spectrophotometrically at the first ligand field band. Extinction · 
coefficients were obtained by analysing a selected number of samples (two 
from each band) by atomic absorbtion spectrophotometry. These E values 
(±5%) were averaged and then used to calculate the concentrations of all 
the other samples. 
Visible absorption spectra of the different isomers are shown in 
Figure 3. The extinction coefficients for the three azido and one aqua 
bands are listed in Table 5.3 in the order in which they are eluted with 
1 M NaClo4 . Azido band I is listed with two E's because its composition 
is found to change during the course of the reaction. Results of the 
analysis are presented in Figure 4 plotted as a function of time. The 
half-life for base hydrolysis under these conditions is less than 0.1 sec. 
TABLE 5.3 
2+ Extinction coefficients of Co(trenen)N3 isomers 
in 1 M NaClo4 . Listed in order of elution from the ion exchange column. 
Band ').,, , nm E, M -1 -1 cm Assignment 
1: 
504 280±10 i'i-p (S) + A-p (R) 
I 
500 440±10 t-
II 497 500±10 s-
III 500 420±10 6-p ( R ) + A- p (S ) 
OH
2
] 483 167± 4 s-
The initial azido product, as shown by this analysis, is almost 
entirely (82%) in band I with traces in bands II and III (7 and 11% 
respectively of total [azido complex]). Very rapidly band I loses intensity , 
most of which is transferred to band III, though some goes to the aqua band. 
Band I reaches a minimum intensity after about 20 sec, by which time band 
e -1 -1 M cm 
500 
400 
300 
200 
. ' \ \ 
. \ 
\_ \ 
' ' 
- \ \ 
I \ ' 
\ . \ 
\ \ \ 
\ \ 
\ 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
I 
II 
, , -,, 
/ , \ 
I \ 
I \ 
/ ' 
I ' I . , • ..._, 
I ,' \ 
/r-"- ,·, 
IM/ '\. \\ 
I I \ ' '. 
• I \ 
I/ \ \ \ 
I _I \\ \ IB 
I / \1 \ 
. \ 
I I \\ , 
Ii \ , 
Ii \ , 
Ii IA \ \ 
I/ \ ' 
,' I / \ ', 
,. I/ \ 
,' / i \ 
,' / i \ 
,,, / / \ 
\ 
\ 
, I/ \ 
,' I _t \ 
\ 
\ 
\ \ I 
\ \ // \ 
100 
0 
400 
\ \ / ./ 
\ ' · , / 
' ·- -~ 
,,_/ 
500 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
\ 
nm 
2+ Figure 3: Visib le absorbtion spectra o f Co(trenen)N
3 
species 
in lM NaClO 
4 
• 
600 
100 
80 
,,..__ 6 0 
en 
w 
cJ 
;::::, 
"'d 
0 
H 
p... 
r-l 
_B 40 
0 
w 
~ 
0 
~ 
...__, 
-~ 20 
en 
>, 
r-l 
m 
~ 
0 
Figure 4 : Product analysis as a function of time for the base hydrolysis 
of Co(trenen)MS 2+ in the presence 
• 
of 0.SM NaN 3 (pH 10). 
Aqua 
..... 
...... 
'-
IA 
' 
' 
' 
I II 
'- - -
- - - - -
-
........ 
-
.,, 
-
" 
.. 
., 
.. @.::. --o,, 
, 
.. , 
--, 
, 
- --., --
--
..... 
... 
... 
... 
... 
--. 
.,. 
., TT 
-... 
- - - I B - 1-r_ ,......:-:,0- - - · 
...__ -0 )< - - -- - --- -!I - L.-~I~I ____ _:_..::::::>--....__~=--- ---- --- - - - - - - - - :-:- - ~ - ~ 
--- --- - -- --o - -
. . --,.- -- a-
. 
1 3 20 40 60sec 5 min 24 hours 
time , logar i t hmic s cale. 
80 
III is also beginning to decrease. As III decreases, I rises again though 
to only a quarter of its original intensity, reaching a maximum after about 
sixty seconds. Thereafter bands I and III both decrease slowly, vanishing 
after~ 10 minutes. Band II increases steadily throughout the whole 
reaction from an initial value of 3% to 72% after 24 hours. The aqua band 
increases initially from 53 to 75% as bands I and III disappear but after 
~ 10 minutes it begins to decline, as II increases. 
Although only three bands due to azido species appear on the ion 
exchange columns it is clear that all four trenen isomers are represented 
since two different species are required to explain the disappearance and 
re - emergence of band I: IA with a life time of 10-20 sec and IB with a 
lifetime of~ 10 minutes. It also seems likely that IA is converted to 
III since the disappearance of IA is roughly synchronous with the appear-
ance of III. Similarly it would appear that III is subsequently converted 
to IB . These suppositions were tested as follows: a reaction mixture was 
acidified after 1-2 seconds. The products were separated on an ion 
exchange column, eluting with 1 M NaClO4 , and band I collected. This was 
remixed with an equal volume of buffer (pH 10, 1 M NaN 3 ) and left for 10 
seconds before reacidifying. Separation of the products on a column showed 
that IA had been converted to III together with some aqua complex. In a 
similar experiment some III was obtained, by quenching a reaction mixture 
after 10 seconds, and returned to the buffer for a further 60 seconds. 
After this time the mixture was found to contain IB, III and aqua species. 
5.2C Discussion 
The course of the reaction can be summarised in the following 
manner: 
2+ Co(trenen)MS 
81 
-
OH /N 3 IA+ Aqua + II 
I~!/ L/: 
IB 
Here it is assumed that the small amount of III present in the 
first sampling arose from IA in the time (1-2 sec) before the sample was 
quenched, rather than by an independent path from the intermediate. 
Assignment of the various possible isomers (Fig. 1) to the 
observed bands from the ion exchange experiments is done with the aid of 
some extra pieces of data. 
2+ 
The known isomer s-Co(trenen)N
3 
has an 
-1 -1 
. . ff. . 26 extinction coe icient E 497 = 493 M cm which is close to that found 
-1 
for band II: E 497 = 500 M 
-1 
cm 
2+ Authentic s-Co(trenen)N3 added to a 
mixture of isomers is found to appear in band II, so that this band is 
unquestionably the s- isomer. 
. 2+ If base hydrolysis of s-Co(trenen)MS form a trigonal bipyramidal 
35 intermediate, which is expected to be the most stable form, 
-
then entry of the nucleophile (H 2o or N3 ) is expected at one of the t hree 
sites in the trigonal plane. Entry at (c) gives ans- isomer while entry 
at either (a) or (b) will give one or other of the two p- isomers. These 
two diastereoisomers are related simply by an inversion at the secondary 
nitrogen centre. The observation that band !A rapidly converts to III 
indicates that these two bands contain the two p-isomers with IA being the 
less stable form. Strain energy minimisation calculations, supported by 
comparisons with analogous systems (see Sec tion 6.a<::), lead one to expect 
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that the [6-p(S), A-p(R)] isomer is less stable. 
2+ 2+ 
6-p (S) 6-p (R) 
The calculated energy difference in this case is 3.9 kcalmol. The signifi-
cance of these calculated values will be discussed with the calculations, 
but for the present it suffices to say that such a figure is at least 
reliable in terms of order of stability. Hence one can assign band IA to 
2+ 
the less stable isomer [6-p(S), A-p(R)] Co(trenen)N 3 and band III to the 
[6-p(R), A-p(S)] isomer. 
Since there are but four observed bands and four possible isomers, 
the remaining band IB can be assigned by default to the t- isomer. This 
is formed in the experiment from the [~-p(R), A-p(S)] isomer 
2+ 2+ 
-OH, N3 
6-p (R) t- (R) 
The aqua products of the reaction were not able to be resolved by 
chromatography into more than one band. This had a visible spectrum 
' d . 1 th 26 ( ) 3+ i entica to at of s-Co trenen OH 2 . In Chapter 2 it was seen that 
the initial hydroxo product from base hydrolysis of s-Co(trenen)Ms 2+ 
isomerised rapidly back to the s- configuration so that other isomers are 
not likely to be seen under the conditions of the present experiment& 
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The conclusion to be drawn from this experiment is that ~1c 
2+ 
production of the initial species of Co(trenen)N3 during the competition 
experiment is almost stereospecific for one isomer: 
-
2+ 
s-Co(trenen)MS 
OH /N3 2+ [~-p(S), A-p(R)] Co(trenen)N
3 
There is also formed a small amount of s- isomer and perhaps a trace of 
[ ~-p ( R) , A-p ( S) ] . 
The stereochemistry of the aqua products will be discussed in the 
next Section. 
5.3 Stereochemistry of Co(trenen)OH 2+ from base hydrolysis 
In a previous study it was shown that base hydrolysis of optically 
active s-Co(Trenen)Cl2+ could be described in terms of four reactions: 26 
2+ (+) 520co(trenen)Cl 
2+ (+) 520co(trenen)Cl 
( ±) 2+ Co(trenen)Cl 
2+ (+) 520co(trenen)OH 
k OH 
R 
(±) 2+ Co(trenen)Cl 
2+ (+) 520 Co(trenen)OH 
(±) 
(±) 
2+ Co(trenen)OH 
2+ Co(trenen)OH 
( 1) 
(2) 
( 3) 
( 4) 
It was further demonstrated that the process 
2+ (+) 520co(trenen)Cl (±) 
2+ Co(trenen)OH ( 5) 
did not occur to a significant extent. 2+ Since (+) 520s-Co(trenen)Cl and 
2+ (+) 520s-Co(trenen)OH were shown to have the same absolute configuration, 
the result indicates that base hydrolysis in this case goes with full 
retention of stereochemistry. These experiments were performed under 
conditions where the intermediate isomers, as seen for the hydro ly s is of 
2+ 
s-Co(trenen)MS , would not be observed. However based on past experience 
(see Chapter 1) one would expect base hydrolysis of both of these species 
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to proceed via a common intermediate and hence to the same products. It 
is then required that the chiral centre be retained through a t least two 
steps: 
2+ 2+ 2+ (+) s-Co(trenen)Cl -r p-Co(trenen)OH -r (+) s-Co(trenen)OH 
Chiral (-)
500
-[s-Co(trenen)MS] (Cl04 ) 2 was prepared by anation of 
-1 -1 (-)
520
-[Co(trenen)Cl] (Cl0
4
)
2 
([MJ 520 = -1070° M m , ~ optically pure) 
in methanesulphonic acid containing silver oxide. The rotatory dispersion 
-1 -1 . 
curve of the product, [M]
500 
= -1780° M m , is shown in Figure 5 
together with that for the chloro complex. The optical purity of the 
methanesulphonate complex was checked by reconverting it to the chloro 
complex by treatment with cone. HCl. The chloro product obtained in this 
-1 -1 
way gave [MJ
520 
= -850° M m corresponding to 79% optical purity. It 
is not certain that chirality is not lost in the course of this anation 
but the 20 % of racemisation is more likely to occur during the synthesis 
(20 hours). Assuming that anation in HCl proceeds with retention one may 
then estimate that for optically pure (-) 500-[co(trenen)MS] (Cl04 ) 2 [MJ 500 
-1 -1 ~ -2260° M m . This value is independently corroborated by another 
experiment in which (-)
500
-[Co(trenen)MS] (Cl04 ) 2 was prepared from optically 
42 pure (-)
500
[Co(trenen)N
3
] (Cl0
4
)
2 
by the method described in Chapter 2. 
-1 -1 
This yielded a sample with [MJ 500 = -2090 ° M m 
When base hydrolysis of (-)
500
-[s-Co(trenen)M] (Cl04 ) 2 was observed 
polarimetrically at pH 6.55 (0.075 M Imidazole buffer, µ = 1 Mat 25°), 
repetitive ORD scans gave data (Figure 6) qualitatively very similar to 
26 2+ that seen for chiral s-Co(trenen)Cl . An initial shift of the 
isorotatory point from~ 465 nm to 460 nm was observed, characterising the 
reaction 
2+ (-) 500 s-Co(trenen)MS 
2+ (-) 500 s-Co(trenen)OH 
A plot of log (a - a) vs. time at 490 nm (Figure 7) shows an initial rapid 
co 
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rate process followed by a slower one. The rate constant f0r t\1is l3tt~r 
-4 -1 process is 9.4 x 10 sec , consistent with the rate of racemisation 
2+ 26 
expected for the product (-)
500 
s-Co(trenen)OH at this pH. Graphical 
-3 -1 
separation of the rates then yields a rate constant of 9.2 x 10 sec 
for the initial process. 
This initial polarimetric rate includes base hydrolysis of CH 3so3 
and some racemisation of the starting material, the reaction scheme being 
of the form: 
k MS 
R 
k OH 
R 
2+ (±)Co(trenen)MS 
k l OH-BH 
2+ (±)Co(trenen)OH 
(6) 
Because the polarimetric measurements are relatively slow one only observes 
h 
. . ( ) 2+ h . d ( ) 2+ t e starting materials-Co trenen MS and t e final pro uct s-Co trenen OH . 
Other isomers never accumulate in sufficient quantities to affect the ORD 
curves. 
- -8 At pH 6.55 [OH] = 6.02 x 10 M so that the derived rate constant 
5 -1 -1 
for the initial polarimetric rate is (k + k MS) = 1.5 x 10 M sec BH R 
assuming that the rate law for this process is 
MS - 2+ 
v = k [OH] [(-)Co(trenen)MS ] 
R 
t 
26,60 
as commonly observed for racemisations of this ype. Since k = BH 
4 -1 -1 MS 4 -1 -1 7.4 x 10 M sec it follows that k ~ 8 x 10 M sec at 25°. This 
R 
3 -1 -1 
may be compared with the values 1.7 x 10 and 100 M sec for the analo-
gous chloro and azido species under the same conditions (both Ref. 26 
corrected for pK 13.77) indicating a significant trend in the racemisation 
w 
rates with the nature of the leaving group. 
A sample of (-)
500
[Co(trenen)MS] (ClO4 ) 2 was hydrolysed in 0.05 M 
Collidine - HCl buffer (pH 8.50, 25°) for ten seconds (~ 10 half-lives at 
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this pH). The products were reanated to the chloro complex and showed 
-1 -1 [MJ 520 = -430° M m which is 51% of the activity of chloro complex 
obtained by anation of the starting material [M J 520 
-1 -1 
= -.850 ° M m ) . 
2+ . Under these conditions racemisation of the product s-Co(trenen)OH is 
OH -4 -1 
slow (k ~ 7 x 10 sec ) so that this process can be neglected in the 
R 
reaction scheme above. 
MS 
From the observed rate constants, k and k , BH R 
the expected degree of retention in the products (k
8
H/(k
8
H + kRMS)) is 49%, 
identical within the limits of the experiment to the observed value. Hence 
racemisation in the starting material is sufficient to account for all loss 
of chirality in the course of base hydrolysis and a pathway of the type 
2+ OH (-)
500
s-Co(trenen)MS 2+ (±) 500s-Co(trenen)OH 
is excluded as a maJor contributor to the overall reaction. 
The same conclusion was reached in the hydrolysis of the chloro 
complex through that experiment was complicated by racemisation of the 
. 1 · 26 products so that only 14% retention was observed after one half- ife. 
Because of the rapid rate of hydrolysis in the present work subsequent 
racemisation is insignificant and the greater degree of retention observed 
improves the accuracy of the experiment. 
The present results require that, for both complexes, chirality at 
the secondary amine centre (trans) is maintained through hydrolysis, even 
though it has now been shown that this involves more than one step. Two 
possible ways in which this might occur are illustrated in Figure 8, 
starting from an s(R)- isomer. 
gN' N I N H / I Co_,,,.-- 0 2+ 
N~, ~ OSCH 
'- 8 3 N 
2+ 
s(R)-Co(trenen)MS 
B l 
/v,,OH 
H {_::;cad 
N I N 
'--N 
2+ 
2+ 
~- p (R)-Co(trenen)OH 
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A 
D 
Fig. 8 
IN~ 
....,....N..__ I N 
H \ /""' Co~ 
HO I N 
'"- N 
2+ 
2+ 
A-p(R)-Co(trenen)OH 
2+ 
s(R)-Co(trenen) OH 
Either o r both of these paths would fit the observations and since it was 
not possible to isolate any intermediate isomers one cannot be sure which 
of the possible species are present in solution. In the competition 
experiment it is certain that the A-p(R) azido isomer is formed as the 
initial product almost stereospecifically. For analogous systems, 
2+ 11 15 2+ 32,69 
trans-Co(NH3)4( NH3)X and Coen2NH 3X it has been shown that 
the isomer distribution of azido products from competition experiments is 
similar to though not identical with that of the hydroxo products. Hence 
for the present system one is entitled to expect A-p(R) hydroxo to be a 
major product with path A (Figure 8) the main route to the final product. 
Experience with the azido isomers shows that the A-p(R) isomer is 
unstable with respect to mutarotation to A-p(S). This would lead to racemi-
sation in the final products which is excluded by the experiments with 
chiral material. Hence the p-+ s isomerisation (step C in Figure 8) must 
be faster than the A-p(R)-+ A-p(S) mutarotation. 
Al though some doubt must remain as to the exact course of this 
re a c t ion the data clearly support the earlier conclusion
26 
that a 
symmetr ical intermediate is not formed. Hence formal pTI-+ dTI bonding in 
the int ermediate with sp2 hybridisation of the nitrogen bonding orbital s 
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for the N centre trans to the leaving group is eliminated as a mechanistic 
possibility. The actual nature of the bonding in the intermediate remain s 
obscure but a study of the products formed with diffe rent nu c lcophil es 
might give some clues in this respect. 
5.4 Properties of t-Co(trenen)cl 2+ 
2+ The appearance of t-Co(trenen)N3 as a reasonably stable species 
amongst the products of the competition experiment (5.2C) raised the 
possibility that this isomer might be isolable. This would enable a 
comparison of s- and t- isomers of trenen complexes in an analogous manner 
2+ 
to the comparison of the p- and t- isomers of Co(tren) (NH
3
)Cl . A further 
comparison between the pair of trenen isomers and the s- and t- isomers of 
2+ Co(Metrenen)Cl would also be valuable in the context of strain, reactivity 
and stability. 
Attempts to isolate the isomer from competition experiments proved 
unsuccessful. However a small amount of the chloro complex was isolated 
from a preparative mixture subjected to similar conditions. 
5.4A Isolation of t-[Co(trenen)Cl]Cl.Clo4 
The isomer t-[Co(trenen)Cl]Cl(Cl04 ) was isolated from the work up 
. 2+ 2+ 
of a preparation of s-Co(trenen)N3 from s-Co(trenen) OH and N3 . The 
reaction mixture, after removal of an initial fraction of 
s-[Co(trenen)N 3 ] (Cl04 ) 2 was desalted by absorption onto c at ion e xchange 
resin and then eluted with HCl. This solution was evaporated to dryness, 
. . ( ) 2+ causing anation of some t-Co trenen N present in the mixture. 
3 
The 
isomer is very soluble in water but forms fine purple crystals on addition 
of HClo4 to concentrated solutions. The visible absorption spectrum 
shown in Figure 9 is very similar (E 530 = 151 
-1 -1 
M cm ) to that of the 
2+ -1 -1 
t-Co(Metrenen)Cl (E 534 121 M cm ) ions. Confirmation of the 
structural assignment is gained from the pmr spectrum in 1 M DCl (Figure 10) 
,, .,, 
150 
100 
so 
350 
Figure 9 
400 450 500 550 60 0 nm 
· Visible absorbtion spectrum of t-Co(trenen)Cl2+ in 6.lM HCl. 
• 
7 
Figure 10 
. 
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2+ 
: 10O.MHz pmr spectrum of t-Co(trenen)Cl in 0 . lM DCl. 
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which is almost identical to that of t- [Co (Metrenen) Cl] (ClO 4 ) 2 less tht' 
resonance due to the N- methyl group, but with the addition of a p('ak. d t 
6.6 o assigned to the single secondary amine proton. 
2+ 5 . 4B Base Hydrolysis and Proton Exchange of t-Co(trenen)Cl 
The rates of base hydrolysis and proton exhcange for the 
2+ 
t-Co(trenen)Cl ion are listed in Tables 5.4 and 5.5. Base hydrolysis 
-3 is first order in hydroxide ion in the range 5 x 10 to 0.5 M with a 
-1 -1 
second order rate constant of 60 M sec , which is about nine times 
-1 -1 26 
slower than the s- isomer (518 M sec ) . Proton exchange measurements 
show that all the amine protons exchange in D
2
0 at about the same rate, 
6 x 10 5 M-l sec-lat 34°, with the secondary amine proton only fractionally 
faster than the others. This gives a clear contrast with the s- isomer, 
for which the trans- secondary amine proton has a rate constant 
k
00 
= 6 x 109 M-l sec-l (at 34°) and the cis protons are~ 105 times 
26 
slower . 
TABLE 5.4 
Rate constants for base hydrolysisa of the 
2+ . 
t-Co(trenen)Cl ion at 25°, µ = 1.0 M (NaCl0
4
) 
[OH ] ' M kobsd' 
-1 
sec 
b 
-1 -1 k OH' M sec 
5 X 10-3 0.29 58 
2 X 10-2 0.99 50 
5 X 10 -2 2.9 57 
2 X 10-1 13 63 
5 X 10 -1 35 71 
a Measured spectrophotometrically at 300 nm with a Durrum stopped flow 
apparatus in dilute NaOH solutions. [Co] = 1.3 x 10-3 M. 
pD a 
5.08 
5.75 
-
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TABLE 5.5 
Proton Exchange Rates Constants for 
2+ 
t-Co(trenen)Cl Ion 
at 34° in 0.1 M Acetate Buffers 
[OD ] , b M kobsd' 
(M) 
4.57 X 10-lO NH 3.0 X 
-1 
sec 
10-4 
NH 2 2.5 
X 10-4 
2.14 X 10 -9 NH 1.5 X 10-
3 
NH 2 
1.2 X 10-3 
kOD' 
C -1 
M sec 
6.5 X 10 5 
5.5 X 10 5 
7.0 X 105 
5.7 X 105 
a Estimated from measured "pH" using the relation pD ="pH"+ 0.40 
(See Section 1.4). 
b Calculated using K = 3.80 x 10-
15 
n
2
o 
-1 
h . ( 2+ . . T ese two isomers of Co trenen)Cl show a trend in their properties 
2+ 
similar to that already found for the analogous isomers of Co(tren) (NH 3 )Cl , 
though by no means as marked. One may suspect that this is due to 
differences in steric strain, a subject that will be investigated in the 
following Chapter. In Chapter 7 the results from both kinetic studies and 
calculation of steric strain will be brought together for further 
discussion. 
5.6 Experimental 
Competition experiments 
[Co(trenen)oso
2
cH
3
] (ClO
4
) 2 (0.35 gm ) was dissolved in water (70 ml, 
pH 4 with HOAC). Portions (10 ml) of this solution were mixed rapidly with 
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0.2 M Diethanolamine - HClo4 buffer containing 1 M NaN 3 (pH~ 10 , 10 ml). 
The mixture was stirred for a set period before quenching with 1 M acetic 
acid (10 ml). The quenched solution was diluted with water to 100 ml and 
the complexes sorbed onto cation exchange resin (Dowex 50 WX2, 200-400 
mesh, Na form, 10 x 200 mm). The columns were washed with water and 
eluted with 1 M Nac1O4 (pH 4) to separate and collect the azido fractions. 
The aqua fraction was collected with 3M HCl. Product concentrations were 
measured spectrophotometrically (Cary 14) using extinction coefficients 
calculated from atomic absorption ·analysis of selected samples (Varian 
Techtron AAS). 
(-) 520 [Co(trenen)Cl] (Clo4 ) 2 
42 ([M] 520 = -1070° M-l m-
1
, 1 g, 
-1 -1 [M] 520 = -1090° M m for the optically pure material) was added to a 
suspension of silver oxide (0.5 g) in methane sulphonic acid (20 ml). 
After stirring in a stoppered flask for 20 hours, methanol (100 ml) was 
added and the mixture filtered to remove silver chloride. The methanol 
was removed from the filtrate under reduced pressure. The complex was 
precipitated by adding ether, recrystallised from water as the perchlorate 
salt by adding cone. HC1O4 , washed with ethanol and dried in vacuo. 
-1 -1 Yield 0.3 g, [MJ 500 = -1790° M m . 
was treated with cone. HCl at 100° and the mixture evaporated to·dryness. 
The ORD curve of the solids dissolved in -1 M HCl (10 ml) was characteristic 
of the chloro complex and gave a rotation a 520 = -.089° in a 1 drn cell. 
Optical rotations were measured on a Perkin-Elmer PE22 spectropolarimeter. 
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Base hydrolysis of (-) 500 [co(trenen)oso2cH 3 ] (Clo4 ) 2 in buffer solutions 
was followed polarimetrically in the r egion 600 to 400 nm by frequent scL111 s 
(Cary 60). In one experiment (-) 500 [co(trenen)MS ] (ClO4 ) 2 
-1 -1 ([MJ 500 = -1790° M m , 7.82 mg) was dissolved in water (5 ml, pH 4) and 
mixed with 0.1 M Collidine/HCl buffer (5 ml, pH 8.50). After 10 seconds 
the solution was acidified by adding cone. HCl (2 ml) ·and evaporated to 
dryness at 100°. The solids were dissolved in 1 M HCl (10 ml) and gave an 
ORD curve characteristic of the chloro complex with a 520 = -.062° in a 1 dm 
cell . 
Preparation of t-[Co(trenen)Cl]Cl(ClO4 ) 
s-[Co(trenen)OH 2]cl2 was heated in 4 M NaN 3 (pH 12) solution at 
100° for about ten minutes until the solution was deep red. HClO
4 
(70%) 
was added cautiously to bring the mixture to pH 3 and the heating continued 
until no more hydrazoic acid was evolved, at which stage the solution 
became more acidic (pH 0-1). The volume of the solution was reduced 
further until crystallisation commenced. After cooling the main fraction 
containing s-[Co(trenen)N3 ] (ClO4 ) 2 was collected. The filtrate, contain-
ing large amounts of NaClo4 , was desalted by dilution and absorption of 
. + the complexes onto Sephadex SP-25 cation exchange resin (H form). The 
complexes were eluted off the column with 0.125 M HCl and evaporated to 
dryness. The solids were taken up in a little water. Addition of HClo4 
(70%) caused precipitation of a fraction of s-[Co(trenen)Cl(ClO
4
) 2 . The 
filtrate was evaporated to dryness again and when the solids were taken 
up in a little 1 M HClo4 , purple crystals formed (\ 525 nm). Ion max 
exchange chromatography on Dowex 50 WX2 cation exchange resin (Na form) 
eluting with 1 M NaClo4 (pH 4 ) showed three bands. The middle band with 
maximum absorption at 530 nm was collected, desalted by dilution and 
adsorbtion onto a short column of Dowex 50WX2, washed with 0.5 M HCl, 
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eluted with 3M HCl and evaporated to dryness. The solids were taken up 
in a little water and purple crystals of t-[Co(trenen) Cl] Cl (ClO) formed 4 
on addition of HCl0
4 
(701, ) and cooling in ice. The crystals wc'r<' col l<'cl<·<I, 
washed with ethanol and dried in air. 
C, 22.47; H, 5.66; N, 16.38. 
Found: Co, 14.37; C, 22.48; H, 5.34; N, 16.17. 
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CHAPTER 6 
STRAIN ENERGY MINIMISATION CALCULATIONS 
6.1 Introduction 
Strain energy minimisation calculations h a ve evolved in recent years 
as a means for studying quantitatively the eff e cts of steric strain in 
71-76 
molecules. The structure of a mole cule i s d e t ermined by a variety of 
intramolecular forces, some of which are antagonistic. By assessing the 
requirements of these forces one may adjust the mo lecular parameters to 
achieve the best compromi s e , i .e. the struc ture o f minimum energy. Thus 
quantification of the v a rious strain fac tors allows an understanding of 
which forces are dominant i n determining the mole cular geometry. Comparison 
of the calculated strai n energies for di fferent isomers helps predict 
conformational and configurational equil i b r ia and gives a better under-
standing of why one isomer i s mo r e s t ab l e than another. It can also be 
useful in the explanation of k inetic effects, as examplified by the 
discussion in Chapter 3. 
Since the method uses a force field which is obtained independently 
of the molecule being studied, no information about the molecule is required 
other than its general topology. This allows one to calculate not only 
known structures but also unknown ones and the strain energies so gained 
may give an indication of whether a particular isomer is likely to be 
isolable. 
A considerable body of calculations now exists for a variety of 
C (II ) . . 72-79 o I amine complex ions. These are interesting subjects for the 
method because they are often of rather . inflexible geometry and steric 
strain appears to play an important part in determining structural detail. 
There are also many possibilities for isomerism. 
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As an adjunct to the synthetic and kinetic work described in this 
thesis strain energy minimisation calculations have been performed for 
2+ 2+ 2+ 
all isomers of the Co(tren) (NH 3Cl , Co(trenen)Cl and Co(Metrenen)Cl 
ions. This Chapter will take the form of a general description of the 
scope of the calculations and of the techniques involved followed by 
discussion of the results of this study. 
The first application of the strain energy minimisation technique 
to the field of complex ions was an attempt to explain the structure of 
B-Co(trien) (s-prolinato) 2+ ions. Fiom an examination of Dreiding models 
it was predicted on the basis of non-bonded interactions alone that 
reaction of s-proline with racemic S-Co(Trien) (OH) (H
2
o) 2+ would yield one 
'f' 11 30 isomer stereospeci ica y. However it was found that two diastereoisomers 
were formed in equal abundance. Crystal structure analyses of these 
revealed angular distortions which might relieve non-bonded interactions, 
thereby reducing the predicted energy difference between the isomers. 
Detailed calculations succeeded in reproducing the observed structural 
effects very closely and also correctly estimated the difference in energy 
b th . 73 etween e isomers. 
Subsequent studies have shown consistently good agreement of 
calculated geometry with that observed in crystal structures with all major 
d . t t' b . tl d' t d 72,74,81 is or ions eing correc y pre ice . 
A 1 t d 78-9,82 . h . very competes u y whic serves to illustrate the useful-
ness and efficiency of the strain energy minimisation technique is that 
of the isomers of the Co(Trien) (glycine) 2+ ion (Figure 1). Configurational 
isomerism here is derived from three sources: the geometry of the Trien 
ligand (a or B), the configuration at the "planer" N of Trien (the 
secondary N linking chelate rings in the same plane) and the mode of co-
ordination of the bipolar glycine ligand (giving s
1 
or s
2
). These are all 
illustrated in Figure 1. Definition of the configuration at the two 
~ 
Isomers of Co(trien) (glycinato) 2+ 
(:-N /'"'--
' N Nb I _.-,N N __ , N c ..-,,co-l 
"'~ N~N , N H/ _/ 
0 0 
6S2 (RR) 6S 2 (RS) 
% Present in 
equilibrium 79.7 8.9 
a 
mixture 
tG
25 , kcal/mol 
b 0 1.3 
tsE, kcal/mo'l 
C 0 3.9 
a Equilibration on charcoal at 25° 
b 
C 
Derived from equilibration data, relative to S2 (RR) = 0 
Calculated strain energy relative to S2 (RR) = 0 
Figure 1. 
/~ 
\ N Nb I ___.o C Co ) 
N~N 
N,/ 
6S 1 (RR) 
4.4 
1.7 
1.7 
~ ('\ , N 
L__.....__I ___.a 
~'-1/N~ 
~Co~ /Co"" ~~N I 0 
H N/ V 
6Sl (RS) 
3.7 
1.8 
2.5 
r:J --
/NH 
c,o' \ 2 
O CH 
::-:--c-' 2 
.. , 
·o 
/\.a. (RR) 
3.3 
1.9 
1.7 
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asymmetric N centres of Trien (RR or RS) is in the order "angular" (N 
joining chelate rings in orthogonal planes) followed by "planar". In all 
the examples shown the choice of catoptric form fixes the angular N 
configuration as R. 
Five configurational isomers are possible (Figure 1) and all are 
well characterised. Structural data from X-ray crystallographic study 
exist for four isomers: 77 77 82 79 61 (RR) , 61 (RS) , 62 (RS) and a (RR). In 
all cases the structural data from both calculations and crystallographic 
sources are in close agreement, generally within the limits of error of 
the X-ray experiment, and all distortions of the geometry are correctly 
. 77,78 predicted. This clearly indicates the value of the technique for the 
investigation of structures. 
Of more interest in relation to the present work are the energy 
terms derived from the calculations since in this case all the isomers may 
be equilibrated and stability relationships are well established. The 
various types of isomerism exhibited and the stability relationships 
pertaining to them will be discussed in turn. 
One type of isomerism not often observed in X-ray structural analyses 
is conformational flexibility of chelate rings. However in the structure 
of the 62 (RS) isomer the unit cell contains two independent molecules 
differing only in the conformation of the "apical" chelate ring. 82 
apical 
ring --<:r _-N> \N0co I 
N~~N 
H/ ~6 '-H 
Calculations predict that a 8 conformation for this ring will be more 
stable than A by 0.4 kcal/mol, i.e. an equilibrium ratio ~ 2:1. The 
observation of both conformers in the solid state is good evidence for 
them being of similar energy. 
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A second type of isomerism is due to mutarotation at the "planar" 
secondary N of Trien. This is seen for both B1 and B2 ions and the 
equilibrium constants have been measured: 82 
KB = [B 1 (RR)]/ [B 1 (RS)] 1 
KB = [B 2 (RR)]/[B 2 (RS)] 2 
= 1.2 
::. 9.0 
Appropriate values for ~G (at 25°) are 0.1 and 1.3 kcal/mol respectively 
and ~H 25 for the B2 isomers has been measured as 1.2 kcal/mol, so that the 
contribution from entropy is small. The B1 (RR) and B1 (RS) isomers 
cocrystallise. Calculated strain energy differences are 0.8 and 3.9 kcal/mol 
respectively with the RR configuration more stable in each case. These 
values give the correct sign though they are rather larger than the observed 
values. 
Thirdly in this study there are instances of isomerism in the mode 
of co-ordination of both Trien and glycine moieties. This type of 
isomerism has so far received very little attention mainly due to problems 
in obtaining equilibration data. Data for the Co(Trien) (gly) 2+ system is 
presented in Figure 1 together with derived ~G values and calculated strain 
energy differences. Comparison of the two sets of data shows that the 
stability relationships are for the most part as predicted. Further work 
with this system is being directed to measuring ~H values which are more 
relevant for comparison with strain energies than ~G's which contain an 
unknown component due to ~s. 
From this brief survey it can be seen that strain energy minimisa-
tion is an excellent technique for reproducing or predicting the detailed 
geometry of complex ions. It has also proved consistent in predicting 
order of stability and calculated energy differences appear reliable at 
this stage to within 1 kcal/mol. 
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6.2 The Techni que 
For the purpose of these strain energy minimisation calculations, 
the total strain energy, O, of a molecule is assumed to be the sum of four 
terms 
o = L O(r .. )b + L 0(0 .. k) + L O(r . . )nb + L 0(¢. 'kl) 
ij lJ ijk lJ ij lJ ijkl l] 
due to bond length deformation, valence bond angle deformation, non-bonded 
interactions and torsional barriers arising from the restricted rotation 
about specific bonds. Both the first and second terms are assumed to have 
an harmonic form so that 
o (r .. ) b 
l] 
and U (0 .. k) 
l] 
= 
= 
, r o 2 
2k .. ( r. . - r .. ) 
lJ lJ l] 
0 0 2 
½k. 'k(0. 'k - 0. 'k) l] lJ lJ 
r 0 
where k .. and k. ' k are force constants for deformation of the bond length 
lJ lJ 
between atoms i and j and of the valence angle at atom j defined by the 
bonded atom i and k, respectively. The values of the bond length and · 
angle are denoted by rij and 0ijk respectively and their strain free 
b 0 
values by rij and 0ijk" 
Non-bonded interactions are described by a function of the 
Buckingham form 
O(r .. )nb 
lJ 
6 
= a .. exp(-b .. r .. ) - c .. /r .. 
lJ lJ lJ lJ . lJ 
where a .. , b .. and c .. are constant terms for any particular type of atom-
lJ lJ lJ 
atom interaction. Geminal 1,3 non-bonded interactions are excluded from 
the calculations since the effect of these is included in the valence angle 
72 73 force constant. ' 
The fourth term, 0(¢ijkl), describes the restricted rotation about 
the bond between atoms j and k, and is of the normal form for a torsional 
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potential 
= 
where ¢ijkl is the dihedral angle between the planes i, J, k and j, k, 1 
(i and 1 are atoms bonded to j and k respectively) and ufjkl is the 
potential energy barrier ton-fold rotation about the bond jk less the 
. . . . 
72 
. h k f d differences in non-bonded interaction energies. Since t e wea 12- ol 
. . 72,76 interactions about Co-N bonds are neglected in these calculations, all 
torsional interactions are of the 3-fold type (n = 3) about saturated C-C 
and N-C bonds. 
Details of the force field used are given in Table 6 .. 1. Values fur 
the constants are derived from a number of sources, mainly normal co-ordinate 
analysis of vibrational or rotational spectra. In some cases the constants 
are estimated. Although the force constants do not form a particularly 
self consistent set, being derived from sources as diverse as comp.lex ions, 
paraffins and virial coefficients of gases, previous experience has shown 
that the geometry is fairly insensitive to small changes in the force 
field. 81 ' 83 Calculated energies may vary substantially but differences 
between one ion and another are much less affected. However with the 
quantity of structural data now available, both X-ray crystallographic and 
calculated, the opportunity exists to formulate a self consistent force 
field to describe interactions within these ions. 
Numerical calculations are performed by the computer program MOL, 
71 72 73 
originated by Boyd and subsequently developed by Snow, Maxwell, 
83 . 77 Dwyer and Gainsford. The program automatically calculates the full 
set of intramolecular interactions (bonded, non-bonded, valence angle and 
-
torsional) and proceeds to minimise the total strain energy using a 
modified Newton-Raphson method. The gradient of the total potential 
energy, VU(r), where r represents the atomic co-ordinates of the trial 
Non-bonded 
atoms 
H ••• H 
C ••• H 
N ••• H 
C ••• C 
C ••• N 
H ... Cl 
C ... Cl 
N ••• Cl 
Bond Angle 
Type 
H -c -H 
H -N -H 
N -c -H 
C -N -H 
C -c -H 
C -c -N 
N -Co-N 
N -Co-Cl 
Co-N -H 
Co-N -c 
C -N -c 
TABLE 6.1 
Force Field Potential Function Constantsa 
Non-bonded Potential Function Constantsb 
a .. lJ 
45.8 
218 
195 
1640 
1472 
234.7 
1597 
1479 
0_1 
b ... A lJ 
4 .. 08 
4.20 
4.32 
4.32 
4.44 
3.85 
3.96 
4.06 
C .. lJ 
0.341 
0.84 
0.69 
2.07 
1.695 
1.84 
4.528 
3.708 
U (r .. ) NB 
lJ 
6 
= a .. exp(-b .. r .. ) - c .. /r .. lJ lJ lJ lJ lJ 
Bond Angle Force Constants, kijke 
C 
Ref 
g 
g 
h 
g 
h 
g 
g 
h-i 
k .. ke 0 0 
. 'k ' radi.ans Ref lJ lJ 
0.52 1.911 d 
0.53 1.911 e 
0.65 1.911 
0.55 1.911 
0.65 1.911 d 
1.00 1.911 
0.68 1.571 e 
1.00 1.571 e 
0.20 1.911 e 
0.40 1.911 
1.0 1.911 
U(0 .. k) !K. 'k 
0 (0 . 'k 
2 · 
= -eo ) lJ lJ l] ijk 
TABLE 6.1 (Cont'd) 
Bond Type 
N -H 
C -H 
C -c 
C -N 
Co-N 
Co-Cl 
C 
Bond Length Force Constants 
k .. r 
1] 
5.6 
5.0 
5.0 
6.0 
1.75 
1.41 
0 
r . . 0 , A 
1] 
1.03 
1.09 
1.50 
1.49 
1.925 
2.20 
r (r .. 0)2 U(r ) = ½K .. r .. ij B l.J l.J 1.J 
Torsional Force Constants 
Bond Type vijkl¢ Ref 
c-c 0.0173 j 
C-N 0.0107 J 
f 
Re f 
e 
d 
d 
e 
U = I: .. U(r .. )NB+~ 'k U(G. 'k) + -~kl U(q> . 'kl) + ~. U(r . . )B lJ 1.J l.J l.J l.J l.J l.J 1.J 
a 
b 
C 
d 
e 
f 
g 
h 
1 
J 
Constants which are not referenced have been 
instances fitted to give best agreement with 
estimated and in some 
the structura l data. 
The units for parameters a .. and c .. , respectively, 
-1 -11 °6] 1.J_l 
molecule and 10 erg A molecule . 
-11 
are 10 erg 
Force constants are given in 105 dyn cm-l 
J. H. Schach tschneider and R. G. Snyder, Spectrochim. Acta, 19, 117 (1963). 
I . Nakagawa and T. Shimanouchi, ibid, 22, 759, 1707 (1966). 
. . 10-11 / Force constants are given 1.n erg molecule. 
J. D. de Coen, A. M. Liquori, A. Damiani and G. Elefante, Nature, 216, 
910 (196 7) . 
A. M. Liquori , A. Damiani and G. Elefante, J. Mol. Biol., 33, (1968). 
From the geometr ic means of the parameters of the Cl-Cl (see footnote 
g) and N-N functions. 
J.P. Lowe , Progr . Phys. Org. Chem., 6, 1 (1968). 
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geometry, is expanded in a Taylor series about a point near equilibrium: 
VU(r) = VU(r) + F(r) or 
0 
( 1) 
where r represents the equilibrium co-ordinates, and F(r) in the matrix 
0 
of second derivatives, i.e. 
= 
The solution of the set of equations 
au;ar = 0 
a 
represents the necessary but not sufficient condition that r is equilibrium 
0 
conformation; thus VU(r) = 0 and the equilibrium geometry is obtained by 
0 
solving a set of linear equations 
r = r + or 
0 
for r of the form 
0 
and therefore r 
0 
= Vr - F-l U(r) ( 2 ) 
Equation (1) is an approximation since cross terms are negl ect ed and 
the expansion is truncated past second order terms. Solution o f equatio n 
(2) is in terms of Cartesian co-ordinates, the equation s o f tra nsformation 
from internal atomic co-ordinates being approximated by assuming or to be 
small. Because of these approximations the initial solu tion is not exact 
and an iterative procedure is required to reach r . After e a ch cycle the 
0 
calculated shift or become smaller rendering the approximations better 
until the solution becomes exact. 
The calculation is considered converged whe n a ll or< 2· x 10-3 ;_ 
It has been found that dampi ng o f the co-ordinate shifts is 
necessary, particularly in the early s t ages to h e lp prevent divergence 
when the starting geometry is p oor, and also in some cases to help restrict 
oscillation about a final geome try. 
To avoid undue computat ion time i n the i niti a l stages, non-bonded 
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interactions are normally only included such that r .. < (p. + p .)p where 
l] l J 
r .. is the distance between the non-bonded atoms i and j, p. and p . are 
l] l J 
the Van der Waals radii for these atoms and pis a parameter usually set 
to 1.16, such that the maximum r .. is roughly at the minimum of the lJ 
potential energy curve for the non-bonded interaction. For final calcul-
ations the full set of interactions is used with non-bonded interactions 
summed over the entire molecule. This has virtually no effect on the 
geometry but the large number of small attractive terms so included can 
make significant differences to relative energies. 77 Non-bonded interactions 
with cobalt are excluded because no force constants are available. However 
the roughly spherical nature of all of these ions should lead to very little 
change in such interactions in the different ions. 
Trial co-ordinates for the calculations are drawn from a variety of 
sources. Accuracy of the co-ordinates is not particularly important though 
it is obvious that the better the initial co-ordinates the faster will be 
convergence to equilibrium geometry. Poor co-ordinates are also more likely 
to cause divergence. Major sources of initial co-ordinates are X-ray 
crystallographic data. These may be used, after addition of hydrogen atoms 
at calculated positions, to generate the parent ion or by suitable 
modification form a starting point for other isomers or completely different 
species. 
One method that has been found most effective is to estimate the 
co-ordinates directly from Dreiding models of the desired structure. Such 
trial data may be very rough but if hydrogen atoms are omitted in the early 
stages the problem is sufficiently small to be rapidly handled by the 
program. 
The calculated geometry of minimum energy is independent of the 
starting point. However it is possible to encounter local minima at 
higher energy and to avoid these it is necessary to start from more than 
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one set of trial co-ordinates. 
Calculations were performed on the UNIVAC 1108 computer of the 
A.N.U. Computer Centre. Perspective drawings of the structures were 
generated using the program ORTEP 3 and drawn by a Calcomp p lotte r on l i ne 
to a PDP-11. 
6.3 Results 
Complete tables of atomic co-ordinates for all of the calculated 
structures together with lists of selected molecular parameters have been 
gathered together in Appendices Band C. Discussion in this Chapter will 
be limited to the general features of the various isomers with emphasis on 
those points that bear directly on the structural or kinetic investigations. 
Table 6.2 lists all of the structures for which calculations we r e 
performed. 
The energy terms listed in Table 6.2 show that, as a general trend, 
angle deformation and torsion account for most of the strain. In both 
cases this is largely a consequence of the requirements for chelating the 
polyamines about the metal ion. Additional strain arises from deformations 
to relieve non-bonded interactions. The total strain energy due to non-
bonded interactions is low because a large number of small attractive terms 
are included. Bond length deformation is a small effect. A notable trend 
is the increase in this term on going from trenen to Metrenen complexes. 
About half of the increase in each case can be attributed to stretching of 
the Co-NMe bond to relieve non-bonded interactions with the me thyl gro up . 
Discussion of the individual structure follows. 
6 . 3A 2+ Co(tren) (NH 3 )Cl isomers 
The calculated geometrics of minimum energy for the p- and t-
TABLE 6.2 
Calculated Strain Energies (kcal/mol) 
Bond Non- Angle Bond 6 a 
Deformation bonded Deformation Tors i o n Sum 
2+ Co ( tren) (NII ) Cl 
3 
p- .8 .6 2.7 5.8 9.9 0 
t- .9 .7 3.2 5.9 10.7 0.8 
Co(trenen)Cl 2+ 
6-p ( R) ( o) b 1.2 2.3 4. 8 8 .6 16.8 4.2 
6-p ( R) ( A J 1.0 1.3 4 . 0 9.1 15.4 2.8 
6-p ( s) ( o ) 1.2 2.5 9 . 1 7.7 20.6 8.0 
6-p (S) (),.) 1 . 2 2.1 9.1 7.0 19.3 6.7 
s (R) .9 .o 5 . 2 6.5 12.6 0 
t ( R) ( o) 1.1 . 7 4.5 7.6 13.8 1.2 
t ( R) ( \) 1.0 . 7 4.2 7.9 13.8 1.2 
Co(Metrenen)Cl 2+ 
6-p (R) ( o ) 2 . 0 6 . 1 8.5 9.3 25.8 8.1 
6-p ( R) ( \ ) 1.8 5.5 6.3 9.5 23.1 5.4 
6-p(S) ( o ) 2.9 9.1 13.1 9.5 34.7 17.0 
6-p ( S) ( \ ) 2. 0 5.4 10.2 8.5 26.1 8.4 
S (R) ( o ) 1 .8 3.6 7.3 7.3 20.1 2.4 
s ( R) ( \ ) 1 .9 5.5 8 . 8 8.6 24.8 7.1 
t(R) ( o ) 1.8 2.3 5.9 7.7 17.8 0.1 
t ( R) ( \ ) 1.8 2. 3 5.5 8.1 17.7 0 
a Strain energy r e lative to most stable isomer. 
b Nomenclature as described in Section 1.3. o,\ refer to conformation 
of flex i ble che late rings (see discus s ion of individual structures). 
0 
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2
+ . • 
,.. .J.. 5u.1..c; L- • vv w 1-1a.J...J..OV U V J.. Ol. J..Ul..-l.Ul..C1..l.. UC1LC1 .LVL 
2+ Co(tren) NH 3Cl , 
Bond angles at Co 
as 
(') .... 
"' 
N ~ 
>- z z t l 'Z I 
' 
I I 
0 0 • 0 
0 0 
V 
" 
\) u \,) \..) t 
' 
I I I I 
X )( X X >-
p - (-) 
t - (---) 
(') 
II) z 
z I 
I 0 
0 \.) 
\) I 
I N 
>- z 
+ l 
• IJ 
I 
~ 
z 
bO ______ S.t_rru..n._Fx.e_e_ _____ _ 
I.It ... 
"' f z zI I 
0 0 0 
u \.) v 
I I I 
M ('") t"t 
z z z 
Bond tors i on an gl es 
20 
0 
1 
A 
2•00 
' 
' ' 
3 
Bond lengths 
' 
' 
' " 1/ 1/ 
;.,, -----
7 8 q 
p- )(11 CL '(• Ni 
Key to torsion 
bond numbering 
103 
isomers are shown in Figure 1 and the energy terms are listed in Table 6.2. 
It will be seen that the p- isomer is the more stable by 0.8 kcal/mol. 
The two structures are very similar and show few signs of distortion . 
In Figure 2 Co-N bond lengths, bond angles about Co and ligand torsion 
angles are compared for the two isomers. The conformations of the tren 
ligand in the two cases are virtually congruent. The Co-N(3) (tertiary N) 
0 
bonds are shorter than average (1.937 vs 1.953 A). This trend has been 
noted before by Maxwe11 81 and is seen throughout the present calculations. 
All other bonds are very close to average except for Co-NH3 in the t-
isomer 
0 -1 (1 . 971 A, 0.27 kcalmol ) . Bond angles about cobalt are all 90±3° 
except for N(3)-Co-Cl in the p- isomer (94.2°) and N(3)-Co-N(l) in the t-
isomer (95.8°). The only major non-bonded interaction is 
0 
N(l)-H(3) . . . H(l3)-C(5) for the t- isomer (2.07 A, 0.79 kcal/mol). All 
these small distortions suggest some crowding in the p- substitution site 
which is greater for NH 3 than for Cl in this position. However the effects 
are all very minor and one would not expect much difference in stability 
or in kinetic behaviour (due to strain at least). Yang and Grieb have 
measureed the aquation rates for the two isomers and found them to differ 
65 by only a factor of two. They also claimed that p could be converted to 
t by standing in solution. Attempts to equilibrate these isomers with 
charcoal in the present work were unsuccessful and resulted in solvolysis 
of the co-ordinated ammonia. 
6 .3B 2+ 2+ s-Co(trenen)Cl and s-Co(Metrenen)Cl 
83 These ions have both been studied earlier by Dwyer , with a slightly 
different force field and technique, before the Metrenen complex was known 
and its structure determined. In the light of this and in conjunction with 
the other studies the problem becomes more relevant. 
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4 /7N(3) 
N(S) 12 \ /p hco 
N(2)/ 1--N(4) I '--<N(l) 
R = H, CH 3 
The conformations of all chelate rings are determined by the configuration 
of the secondary N(2) centre. The present calculations are performed for 
the R isomer for which the conformations of the rings 1, 2, 3 and 4 are 
A, 6, o and A respectively. For the Metrenen complex non-bonded inter-
actions between the methyl group and ring 3 render a A conformation for 
this ring metastable (Table 6.2), however at 4.7 kcal/mol above the 6 
conformer it is not likely to exist to any significant extent. Attempts 
to change ring conformations for the trenen complex lead to inversion back 
to the more stable form. 
Atomic co-ordinates for s-(R)Co(trenen)Cl2+ are listed in Appendix 
4 
. 1 d. 81 f ( ( 2+ B. together with crysta structure co-or inates ors- R)Co trenen)N 3 . 
Co-ordinates for both conformers of the metrenen complex are in Appendix 
B.8 and crystal structure co-ordinates for this ion
64 
are in B.10. 
Molecular parameters for the stable conformer in each case and for both 
crystal structures are compared in Appendices C.21-3 and in Figure 5 
The calculated structures are illustrated in Figures 3 and 4. 
The structures of the complexes (trenen and metrenen) are very 
similar (see Figure 5) except in the immediate vicinity of the secondary 
N(2) atom, where introduction of a methyl group, C(9), instead of H(7) 
causes considerable distortion. Severe non-bonded interactions arise 
between the methyl group and neighbouring hydrogen atoms, C(9)-H(39) 
0 
H(l6)-C(6), 2.07~ (0.79)# and C(9)-H(41) • • • H ( 18) -N ( 4) , 2. 0 8 A ( 0. 7 7) • 
# Values shown thus in parentheses are the strain energies associated 
with the non-bonded interactions in kcal/mol. 
0 
Figu!e 3: s-(R)~Co(trenen)c12+ 
• • • 
2+ Figure 4: s-(R)-Co(Metrenen)Cl 
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These interactions distort the N(2) centre, as shown by the angles: 
Co-N(2)-C(9), 120.2°; Co-N(2)-C(2), 104.5° (107.4° in. the trenen complex) 
and Co-N(2)-C(3), 103.2° (107.0° in the trenen structure). Distortion of 
the N(2) centre in turn causes crowding on the side of the centre opposite 
the methyl group where there is a very close contact C(2)-H(5) 
0 0 
H(23)-N(5), 1.96 A (1.39). This is compared to 2.11 A (0.66) in the trenen 
structure. The "tren" part of the ligand in both the trenen and Metrenen 
structure in virtually identical with that found in both of the 
2+ Co(tren) (NH 3 )cl structure. 
A comparison of the energy terms for the two stable forms (Table 
6 . 2) shows a doubling of the bond deformation term for the Metrenen ion. 
Half of this increase is due to stretching the Co~N(2) bond length from 
0 
1.935 to 1.985 A(+ .45 kcal/mol). There is an increase of 3.6 kcal/mol 
in non- bonded interactions due to the methyl group with associated 
increases in angular and torsional strain. The effects of this on the 
rate of hydrolysis have been seen in Chapter 3. 
The date presented in Figure 5 shows not only the similarity between 
the calculated structures but also the close agreement between these and 
. ( ) 2+ 2+ the available crystal structures, s-Co trenen N3 and s-Co(Metrenen)Cl . 
Torsion angles are all in close agreement as are the bond angles about 
cobalt with the possible exception of the N(l)-Co-N(5) angles (~ 3° error) 
and the N(l)-Co-Cl angle for the trenen ions. In the latter case the 
comparison is strictly not valid since the crystal structure contains an 
azido ligand instead of chloro. Another point is that the crystal 
structure date for the Metrenen data is constrained by a crystallographic 
mirror plane with the coupled chelate rings trans to Cl disordered about 
this plane. The calculations are not so contrained and this is bound to 
give rise to small differences. The comparison of Co-N bond lengths shows 
that all trends are correctly predicted though there is a difference of 
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0 
~ 0.01 A between the calculated and observed data. This arises from the 
choice of r~. for the calculations which would appear to be a little low. iJ 
The difference is close to the limit of the accuracy of the X-ray experiment. 
These comparisons clearly show the power of strain energy minimisa-
tion in predicting structural distortions even for quite severely crowded 
molecules. 
6.3C 2+ 2+ p-Co(trenen)Cl and p-Co(Metrenen)Cl 
There are four possible diastereoisomers of each of these ions 
comprising two pairs of enantiomers. The determining features are the 
chirality of the secondary N(2) centre, R or S, and the absolute 
configuration, 6 or A. The enantiomeric pairs are [L(R) + A(S)] and 
[L(S) + A(R)]. Structural calculations have been performed for the 6 
enantiomers of both ions. 
3 
r.N(4) 
CN ( 3 ) ~ 1--::==::- N ( 5 ) 2 ---- Co N ( 2 ):::::= I ~ N ( 1 ) 
R / -,----r- . 
Cl 
R = H, CH 3 
In these structures only the "apical" chelate ring (3) has conformational 
flexibility, the others being fixed by the configuration of N(2) and N(3). 
Calculated co-ordinates for all four possible combinations of conformational 
and configurational isomerism of the ions L-p-Co(trenen)Cl 2+ and of the 
Metrenen analogues are listed in Appendices B.2, 3, 6 and 7. The structures 
of the most stable conformers are depicted in Figures 6-9 and structural 
parameters are listed in Appendices C.11-13. 
In each case the more stable isomer is that with the A apical ring, 
by factors of 1.3 to 8.6 kcal/mol. This is in contrast to the structures 
Figure 6: t-p-(R)-Co(trenen)Cl2+ 
2+ Figure 7: ~-p-(S)-Co(trenen)Cl 
Figure 8 : 
0 
~C2 )~ ~ ,ye"-
~-p-(R)-Co(Metrenen)Cl2+ 
2+ Figure 9: ~-p-(S)-Co(Metrenen)Cl 
0 
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of S-Co (Trien) (aa) 2+ species (aa = chelating amino acid) • S-Trien is 
analogous to the 1, 2 and 3 chelate rings of the present system and the 
most stable conformation for the apical ring is always found to be o. 84 
The change from o to A can be ascribed to non-bonded interactions between 
the apical ring (3) and the extra chelate ring (4). 
For both the trenen and Metrenen complexes the most stable p- isomer 
is that with the R configuration at the asymmetric N(2) centre. This 
follows the pattern already set by a large number of ~-S[Co(Trien)X 2 ]n+ 
structures (x
2 
= gly, c1
2
, ClOH
2
, co3 , s-Prolinato), for which the RR 
· configuration 
INH2 
H ,,,.N~cl __...x 
' 0 
LN~NH2 
X 
84 is favoured. The same behaviour is observed for isomers of 
3+ 
aS-Co(tetraen)OH
2 
, where the 
(S) (R) 
configuration in which the secondary -N proton is away from the aqua 
42 
substituent (R, as drawn above) is most stable. 
An S configuration at N(2) causes close contacts between the N 
proton (or methyl group) and the substituent together with crowding 
together of rings 1, 2 and 3. In the system under consideration such 
crowding cannot be relieved by twisting of the apical ring (3) because the 
Figure 10 
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obstruction is virtually mirrored on t he other side by ring 4. To 
2+ 
illustrate these p o i nts one f i nds f or the ~-p(S)Co(tre ne n )C l i o n a 
0 
close contact Cl ... H(7)-N(2), 2.49 A (1. 19 kcal / mol) c ompared to 
. o 
cl •.. H(23)-N(5), 2.65 A (0.49) is the closes t contact for the R isomer. 
0 
Inter-ring crowding is exemplified by C(2 ) - H( 6 ) . . . H(18)-N(4), 1.99 A 
(1.19) for the S isomer. 
The table of bond angles (Appendix C . 12) s h ows that the secondary 
N(2) centre is not very distorted for either of the t renen isomers. 
Introduction of the methyl group however puts more s train at this point 
leading to Co-N-C bond angles (ring) all ~ 103° a nd Co-N-Methyl angles 
~ 120°. The methyl group causes a general inc r ease in the non-bonded 
interactions, both through interactions with t he group itself and because 
its demand for space requires deformation of the adjacent rings into less 
favourable configurations. A comparison of some str uctural paramenters is 
shown in Figure 10. 
2+ 2+ For both Co(trenen)Cl and Co(Me trene n)Cl the p- configuration 
is the least stable. In the trenen system t he p(R) and p(S) isomers are 
destabilised by 2.8 and 6.7 kcal/mol respectively relative to the most 
stable isomer. For the Metrenen system the values are 5.4 and 8.4 kcal/mol. 
Hence in the latter case these isomers are l e ss likely to be seen and it is 
doubtful whether they have b e en. The trenen isomers have b e en s een but 
were not isolable. 
6.3D 
2+ 2+ 
t-Co(trenen ) Cl a nd t - Co (Metr enen)Cl 
The t- c onfiguration is stable for both trenen and Metrenen. 
2+ 
Reference to Table 6. 2 shows t h a t t - Co(~renen)Cl is only slightly more 
strained thah the s- isome r. 
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N ( 2) 
R = H ,· CH
3 
This is due in part to interactions between hydrogen atoms on N(S) and 
methylene protons on ring 4. Otherwise there are no major strain effects. 
The methyl group of Metrenen is directed away from the molecule in the t-
configuration, and this relieves some of the strain present in the s-
isomer, though there are still some large interactions with protons in 
the apical ring (~ 0.9 kcal/mol). 
As for the p- isomers the apical ring (3) is flexible. In this case 
however the immediate environment formed by rings (2) and (4) has almost 
mirror symmetry across the plane defined by (3). As a result o and A 
conformations for this ring are equienergetic. The structures are 
illustrated in Figures 11-13. 
2+ In Figure 14 some molecular parameters for t-Co(Metren)Cl are 
d . th th f h 1 f th · · 6 2 compare wi ose ram t e crysta structure o is ion. It will be 
seen that the agreement between the calculated and observed data is 
excellent except in one respect, the geometry of the flexible chelate ring 
N91)-C(8)-C(9)-N(2). In this region x-ray crystallographic analysis reveals 
confused electron density and the data has been refined in terms of an 
0 
almost eclipsed chelate ring with a very short C-C bond length (1.38 A). 
On the basis of the calculations it is obvious that this is due to dis-
order between o and A conformations of similar energy or even to rapid 
inversion. The ability of the calculations t~ predict this effect is most 
striking. 
Atomic co-ordinates are listed in Appendices BS, B9 and Bll. 
Structural parameters are in Appendices C31-3 and C41-3. 
Figure 11 : 2+ A con former • t-(R)-Co(trenen)Cl , 
Figure 12 : 2+' o confonner. t-(R)-Co(trenen)Cl 
Figure 13 t-(R)-Co(Metrenen)Cl2+ ,o (left ) and A( righ t) conformers . 
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6.4 Conclusions 
Many studies have already shown that the molecular structures 
obtained by strain energy minimisation compare closely with solid state 
structures revealed by x-ray diffraction. In this Chapter calculated 
2+ 2+ 
structural data for the s-Co(trenen)Cl , s-Co(Metrenen)Cl and 
t-Co(Metrenen)cl 2+ ions were compared with data from crystal structures 
and it is clear that the calculations reproduce the observed structures 
well. The most interesting point arises where the agreement between 
2+ 
calculated and observed fails, in the cases of the t-Co(Metrenen)Cl 
structures. Here the crystal structure shows that one chelate ring is 
disordered while calculations indicate that this ring may take a o or A 
configuration with about equal energy. 
While the apparent disorder present in the C(8)-C(9) chelate ring 
of t-Co(Metrenen)Cl 2+ is the only equilibrium data available from this 
study to support the predicted energy differences, there is a certain 
amount of circumstantial evidence, kinetic rather than equilibrium. In 
2+ 2+ 
each of the three systems studied, Co(tren) (NH3 )Cl , Co(trenen)Cl , and 
2+ Co(Metrenen)Cl , the most abundant isomer in the syntheses has been found 
2+ 
to be that with the calculated lowest energy i.e. p-Co(tren) (NH 3 )cl , 
2+ 2+ 
s-Co(trenen)Cl and t-Co(Metrenen)Cl . Of the other isomers some were 
prepared with more difficulty, others observed only fleetingly and some 
not at all. 
Within the trenen system it is found that the order of appearance 
of isomers in kinetic experiments correlates with the calculated order of 
stabilities. In the course of the competition experiment with 
2+ 
s-Co(trenen)MS one observes a sequence of interconversions between the 
azido products: 
p(l) ~ p(2) ~ t 
111 
where p(l) is assigned to the ~-p(S) isomer and p(2) to ~-p(R). This 
scheme is characterised by sequential drops in calculated strain energy: 
19.3 15.4 # 13.8 kcal/mol 
One also observes under the conditions of base hydrolysis the isomerisation 
of p- hydroxo to s- hydroxo (19.3 or 15.4 ---r # 12.6 kcal/mol). At 
equilibrium there was never any sign of any but the s- isomer, calculated 
to be most stable. 
Amongst the complexes of Metrenen, p- isomers were never observed 
in the present work though possible evidence for their existence in very 
small amounts has been seen elsewhere. When the spontaneous aquation of 
2+ 
s-Co(Metrenen)Cl was followed by means of pmr spectra it was noted that 
both the chloro and aqua species underwent isomerisation to the respective 
t- isomers. This change follows the predicted order of energies: 
20.l --t- 17.7 kcal/mol. 
These collected results show that, although it was not possible to 
gain stability data by actual equilibration experiments, many kinetic 
processes are observed consistent with the predicted stabilities being in 
the right order. The results indicate the potential of the strain energy 
minimisation method for predicting or explaining kinetic effects in the 
same way as it has already been proven as a tool for structural studies. 
# Strain energies quoted are for the analogous chloro species, it being 
assumed that the values will be similar ·or at least in the same order 
for the substituents. 
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CHAPTER 7 
CONCLUDING REMARKS 
7.1 Fast leaving groups 
In Chapter 2 the chemistry of some complexes with labile ligands 
was discussed. Using some properties of Co(NH3 ) 5x
2
+ ions it was shown 
that the new leaving groups CH
3
so3 and CF 3so3 behaved substantially 
simple acido ligands even though their lability enhanced the rates of 
hydrolysis by up to 105 over previously known complexes. As a result 
this work the range of rate constants known for base hydrolysis of 
2+ Co(NH 3 ) 5x complexes (Table 2.5) now covers about twelve orders of 
as 
of 
magnitude with leaving groups of vastly different electronic properties, 
shapes, sizes and bonding geometry. Given this range one nevertheless 
finds a common rate law and common competition properties throughout, a 
fact which argues very strongly for the S lCB mechanism as an explanation 
N 
of base hydrolysis. 
2+ Some of the properties of the Co(trenen)oso
2
cH
3 
and 
Co(trenen)Oso2cF3
2
+ pose interesting problems and reveal how little is 
known of the electronic properties of such ions. Table 7.1 lists some 
rate constants for various processes of the azido, chloro and methane 
sulphonato complexes. 
The effect of the substituent on these processes is interesting. 
Base hydrolysis of the azido species is very much slowe r than the others. 
The rate constant has not been measured but the results presented in 
Chapter 5 suggest that it is somewhat lower than that for base catalysed 
water exchange (considerably faster in these complexes than in say 
2+ 
Co(NH 3 ) 50H ) . These three substituents then represent quite a range of 
lability. The effect on proton exchange at the trans site is strange. 
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TABLE 7.1 
-1 -1 a 
Base hydrolysis (M sec ) 
b Proton exchange : trans 
-1 -1 k00 (M sec ) 
-1 k O (sec ) D2 
ci-s 
1 -1 a Racemisation (M- sec ) 
a at 25° 
b at 34° 
1.3 X 109 
10-5 6.3 X 
100 
C1] 2+ 
520 
5.7 X 109 
1.2 X 10-4 
3 1.7 X 10 
Data for Cl, N3 from Ref. 26 corrected as necessary for pKw 
2+ 
!v:S] 
4 7.4 X 10 
6.2 X 109 
2.1 X 10- 3 
7 
8 
= 13.77. 
4 
X 10 
Base catalysed exchange is scarcely altered while the general base (D 20) 
catalysed path is accelerated substantially with improvement of the leaving 
group. 
Base catalysed exchange at the ci-s sites is also significantly 
enhanced . 2+ For Co(trenen)OSO CF the rate constant at this site is of 
2 3 
the order of 10 8 (estimate for 34°). Proton exchange rates for a wide 
- - - - - -
= NH 2COO, NCS, CN , N02 , Cl , F , 
25 CH
3
coo) have been measured but similar effects were not observed. Hence 
it would seem that the effects seen in the present work are in part due to 
the nature of the trenen ligand. The effect of the acido substituent on 
the cis amines, compared to that on the trans, is particularly remarkable 
and at present defies reasonable explanation. That the acido group should 
affect the acidity of the co-ordinated amines may readily be explained in 
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terms of inductive effects 
H 
~"> 
Co 
r-> 
X 
and the fact that exchange at a trans site is faste r wo u l d s uggest that a 
linear inductive pathway would be most favoured. This does not explain 
why acceleration of proton exchange rate is so much gre ate r at the cis 
amines than at the trans. 
This problem is amplified if one considers the racemi s a tion rates, 
where there is again a significant acceleration with the lability of the 
substituent. Racemisation however is directly related to t he r ate of 
deprotonation at the trans amine (since this is a requirement of the 
process). In systems of this type it is often found t hat racemisation (or 
. . l 5 6 h d . 60 mutarotation) is a factor of O - 10 slower tan ep rotonation. In 
these three examples however there appears to be no such cor relation. One 
possibility is that, though the deprotonation rates be similar, the more 
electron withdrawing ligands give some stabilisati on to the co-ordinated 
amide. If this remains longer in the deprotonated state the likelihood of 
mutarotation is obviously increased. 
7.2 Site of Deprotonation in Base Hydrolysis 
In the previous Chapters evidence has been p r esented to show that 
2+ 
the base hydrolysis of complexes of the Co(N5 )cl type is enhanced by 
deprotonation at an amine t rans to the leaving group . This conclusion can 
be reinforced by consideration of all the data together in the light of 
the results of the strain energy minimisation studies . Table 7.2 lists some 
relevant information. 
2+ For both of the Co(Metrenen ) Cl isome r s b a se hydrolysis must go by 
formation of a c~s deprotonated conjugate b ase , a nd in this case the rates 
of hydrolysis seem to be largely a functi o n of ground state strain energy. 
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-1 
A calculated energy difference of 2. 9 kcal mole i s correlated with a 
four thousand-fold increase in hydrolysis rate. 
TABLE 7.2 
A comparison of rates of base hydrolysis 
and calculated strain energies for various ions. 
a 
-1 -1 
b 
-1 -1 -1 
Ion Isomer k BH' M sec k exch' 
M sec SE , kcal mole 
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a 
2+ 380 3 9.9 Co(tren) (NH 3)Cl p X 
X 10-2 105 
a 
t 2 7 X 10 . 7 
2+ 518 Co(trenen)Cl s 6 X 10
9 12.6 
t 60 7 X 10
5 1 3 .8 
2+ 
X 104 10
5 
Co(Metrenen)Cl s 1.2 5 X 20.1 
t 29 2 X 10
7 17.7 
a 25° b 34° 
For both of the other two isomer pairs the isomer of highest 
calculated strain energy is slower to hydrolyse, in o ne case by a factor 
4 
of 9 and in the other by a factor of 2 x 10 . Clearly t his goes against 
2+ 29 
the trend set by the Metrenen complexes and by Co(CH3NH 2 ) 5Cl . 
However the slow isomer is in both cases t h e one wi t h the t configuration, 
with the leaving group trans to a tertiary nitrogen c e ntre so that the 
observed rates do correlate with the availability o f deprotonation sites . 
A complicating factor in this analys i s i s t he need for different 
intermediates to explain the different p roducts arising from p, sand t 
isomers. Although the p ands isomers may b e e xp ected to form rather 
similar trigonal bipyrarnidal intermedi ates , t hese are certainly not formed 
from t- i somers and the nature of the inte rmediates in these cases is 
uncertain. 
2+ For t-Co(Metrenen)Cl i t i s p robable tha t the intermediate is 
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roughly square pyramidal since there seems no way for rearrangement to 
produce a more favourable geometry. 2+ This may also apply to t.-Co(trenen)Cl 
through the stereochemistry of the reaction in this case is not known. 
2+ 
t-Co(tren)NH
3
)Cl appears to form either a mixture of intermediates or an 
irregular one (Chapter 4, Figure 5) and in this case it may be possible to 
design experiments to distinguish between the possibilities. Clearly the 
different isomer$ are following different pathways and it is difficult to 
judge what effect the energy requirements of the different pathways may 
have on relative rates. No activation para.meters have been measured. 
Another factor which needs to be taken into account is the relative 
rate of proton exchange in different isomers. In the tren case a factor 
of 104 in hydrolysis correlates with a factor of 102 in deprotonation rate 
leaving 102 to be explained in terms of the extra efficiency of trans over 
cis or of energy requirements of the different transition states as 
mentioned in the previous paragraph. In this case the t- isomer certainly 
does rearrange substantially though this complex is least constrained by 
chelation and may therefore be expected to have the lowest energy barriers 
to rearrangement. 
In the trenen complexes the difference between the hydrolysis rates 
is not as great as one might expect in view of the 104 difference in proton 
exchange and this would seem to detract from the argument for trans 
deprotonation in this case. Stereochemical results from this system (to 
be discussed in the next Section) do seem to support trans deprotonation. 
Hence doubt remains. The weight of evidence seems to be for trans 
deprotonation being the preferred route when available but a sufficient 
number of problems and imponderables remain for the answer not to be clear 
cut. 
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7.3 Stereochemistry 
. 2+ 
The investigation of the base hydrolysis of s-Co(trenen)Oso
2
cH
3 
presented in Chapter 5 revealed that an apparently simple reaction actually 
involved a most complex sequence of reactions. This was certainly 
unexpected and has few if any parallels in related chemistry. 
The interesting result from this study is that the almost symmetrical 
starting material (the configuration at the secondary N being the only 
source of asymmetry) yields a completely asymmetric product distribution. 
It follows that the secondary nitrogen is in some way directing the stereo-
chemical course of ·the reaction. This is certainly consistent with trans 
deprotonation and may in fact require it. 
85 A comment is worthwhile on the ideas of Nordmeyer who proposed 
that the deprotonation step in these reactions is cis to the leaving group 
based on the principle that the reaction follows a path of extended 
"microscopic reversibility". That is that if deprotonation is cis to the 
leaving group then the incoming nucleophile will enter the five co-ordinate 
intermediate in a position cis to the amide group. Similarly if deproton-
ation is trans then nucleophilic attack must be trans also. Since this 
latter case must always result in retention of stereochemistry, the 
proposal of this type of reversibility requires cis deprotonation to 
explain the observed stereochemistry. 
However a problem arises when one considers the reaction of 
2+ 
s-Co(trenen)MS in the light of these proposals. The possible courses 
for the reaction constrained by "microscopic reversibility" are shown in 
Figure 1, for deprotonation at different sites. Of the three routes shown, 
only (b) leads to the correct products. Such a mechanism is hard to 
support if one considers the near mirror symmetry of the starting material. 
The protons at sites (a) and (b) are indistinguishable by pmr and their 
rates of exchange in DO are the same so that there seems no reason why 
2 
l 
(?N\2+ / 
;N'/1 NHa 
H \ Geo~ 2 H2N--:--1 ---MS _!:> 
~NH d 
2 
s (R)-
(l~;-N-
_..../N-Co~~ 3 
H \ I ............... NH2 
~NH 2 
rN~ 
( \ NH 
,_ 
NH 3 
2 
_-rC r~\H2 
N N--Co~ 
3 ~ · , -......_NH
2 
'----NH
2 
FIGURE 1 
2+ 
s(R)- + 6-p(R)-[Co(trenen)N 3 ] 
s(R)- + J\-p.(R)-
6-p(R)- + J\-p(S) 
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one route should be preferred above the o ther. Deprotona tion at site (d) 
is probably too slow for base hydrolysis and suffe r s from similar problems 
of symmetry though in this case there is a sign o f splitting in the pmr 
spectrum. Hence Nordmeyer's extension of the p rinciple of microscopic 
reversibility does not seem to explain the obs ervati ons in this case. 
The best alternative explanation is that one has trans deprotonation 
followed by addition of a nucleophile cis (predominantly) to the amide, 
which could reasonably be expected to have a strong directing influence on 
nucleophilic attack. Such a mechanism works wel l f or the systems described 
in this thesis though it is not easily extended to simpler systems such as 
) 2+ n+ · ld h ·11 1 Co(NH3 5x or Co(en) 2XY and it wou appear tat we a re sti a ong 
way from understanding these problems. 
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APPENDIX A 
A representative collection of kinetic data 
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APPENDIX B 
Atomic co-ordinates 
2+ 
1 p- and t-Co(tren) (NH 3 )cl 
2 t-p(R)-Co(trenen)Cl 2+ 
2+ 
3 t-p-(S)-Co(trenen)Cl 
4 s-(R)-Co(trenen)Cl 2+ 
5 t-(R)-Co(trenen)Cl 2+ 
6 t-p-(R)-Co(Metrenen)Cl 2+ 
2+ 
7 t-p-(S)-Co(Metrenen)Cl 
2+ 
8 s-(R)-Co(Metrenen)Cl 
2+ 
9 t-(R)-Co(Metrenen)Cl 
2+ (crystal structure) 10 s-(R)-Co(Metrenen)Cl 
11 t-(R)-Co(Metrenen)Cl 2+ (crystal structure). 
TABLE B.l 
2+ 2+ 
p-Co(tren) (NH 3)cl 
t-co(tren) (NH 3)cl 
0 0 0 0 
0 0 
X(A) y (A) Z (A) X (A) Y(A) Z(A) 
co .000 .000 .000 .000 .000 .000 
N (1) .027 -1.971 - .005 1.945 .000 .000 
N ( 2) .059 1.950 .000 .034 1.948 .000 
N (3) -1.928 .170 .018 -1.933 .i23 - .002 
N (4) - .064 - .075 -1.945 - .054 - .079 -1.948 
N (5) - .068 - .071 1.946 - .102 - .072 1.948 
Cl 2.215 .000 .000 .021 -2.235 .010 
C (3) -1.203 2.449 .619 -1.260 2.429 .564 
C ( 4) -2.343 1.617 .106 -2.367 1.567 .026 
C (5) -2.403 - .426 -1.274 -2.370 - .534 -1.278 
C (6) -1.492 .052 -2.379 -1.483 - .044 -2.395 
C (7) -2.369 - .610 1.219 -2.393 - .618 1.218 
C (8) -1.493 - .239 2.391 -1.531 - .213 2.386 
H (1) - .220 -2.376 .907 2.304 .156 .952 
H ( 2) .976 -2.297 - .232 2.321 - .891 - .352 
H (3) - .601 -2.378 - .708 2.290 .755 - .609 
H (6) .861 2.295 .547 .810 2.293 .584 
H (7) .137 2.323 - .956 .152 2.327 - .950 
H (8) -1.146 2.405 1.705 -1.238 2.405 1.652 
H (9) -1.359 3.492 .335 -1.427 3.464 .257 
H (10) -3.197 1.732 .776 -3.250 1.690 .655 
H (11) -2.643 2.005 - .868 -2.632 1.923 - .969 
H ( 13) -2.406 -1.514 -1.236 -2.296 -1.619 -1.206 
H (14) -3.426 - .105 -1.478 -3.410 - .280 -1.492 
H ( 15) -1.660 - .556 -3.270 -1.610 - .692 -3.265 
H(16) -1.712 1.090 -2.631 -1.756 . 970 -2.689 
H ( 17) .323 - .967 -2.285 .390 - .947 -2.281 
H (18) .495 .684 -2.361 .460 .709 -2.365 
H ( 19) -3.411 - .385 1.453 -3.438 - .384 1.432 
H(20) -2.302 -1.681 1.034 -2.325 -1.696 1.072 
H ( 21) -1.862 .677 2.853 -1.899 .719 2.816 
H ( 22) -1.548 -1.032 3.140 -1.598 - . 981 3.159 
H ( 23) .325 .792 2.347 .305 .781 2.357 
H ( 24) .504 - .854 2.295 .446 - .874 2.294 
TABLE B.2 
2+ 2+ 
~-p-(R) (6)-Co(trenen)Cl ~-p-(R) (~)-Co(trenen)Cl 
0 0 0 0 0 0 
X (A) y (A) Z (A) X(A) y (A) Z (A) 
co .000 .000 .000 .000 . 000 .000 
N (1) 1.942 .000 .000 1.942 .000 .000 
N (2) .022 1.921 .000 .009 1.925 .000 
N (3) -1.926 .123 - .060 -1.908 .205 - .034 
N ( 4) .005 .007 -1.958 .002 - .024 -1.955 
N (5) - .217 -1.926 .086 - .204 -1.933 .030 
Cl .082 - .050 2.247 .051 .063 2.241 
C (1) 2.385 1.431 - .067 2.369 1.428 - .150 
C (2) 1.344 2.311 .579 1.355 2.317 .522 
C (3) -1.165 2.341 .808 -1.140 2.413 .830 
C (4) -2.356 1.492 .412 -2.252 1.381 .845 
C (5) -2.356 - .126 -1.480 -2.328 .493 -1.450 
C (6) -1.342 .468 -2.410 -1.405 - .185 -2.425 
C (7) -2.419 - .996 .810 -2.473 -1.082 .501 
C (8) -1.619 -2.252 .524 -1.668 .:2.257 .002 
H (1) 2.322 - .448 .847 2.321 - .391 .874 
H (2) 2.291 - .517 - .820 2.305 - .559 - .785 
H (3) 3.337 1.549 .454 3.348 1.574 .309 
H (4) 2.521 1.731 -1.107 2.437 1.686 -1.208 
H ( 5) 1.364 2.184 1.661 1.415 2.191 1.603 
H (6) 1.553 3.358 .350 1.558 3.361 .279 
H (7) - .050 2.333 - .941 - .097 2.309 - .950 
H (8) - .977 2.255 1.877 - .818 2.617 1.852 
H (9) - 1 . 385 3.389 .598 -1.518 3.346 .409 
H(lO) -3.027 1.402 1.267 -2.424 1.061 1.873 
H (11) -2.902 2 .016 - .373 -3.180 1.840 .500 
H (13) -2.424 -1.193 -1.692 -3.350 .152 -1.621 
H(l4) -3.338 .310 -1.672 -2.298 1.567 -1.642 
H (15) -1.530 .122 -3.428 -1.659 -1.236 -2.539 
H(l6) -1.413 1.556 -2.398 -1.514 .286 -3.404 
H(l7) .200 - .924 -2.350 .564 - .813 -2.305 
H ( 18) .722 .654 -2.318 .405 .835 -2.354 
H(19) -2.348 - .736 1.865 -2.452 -1.089 1.591 
H(20) -3.472 -1.184 .594 . -3.513 -1.194 .190 
H (21) - 1 . 580 -2.857 1.432 -1.855 -3.112 .655 
H (22) -2.119 -2.846 - .243 -1.988 -2.543 - .998 
H ( 23) .460 -2.310 .762 .225 -2.327 .879 
H ( 24) - . 030 -2. 370 - .823 .260 -2.364 - .781 
TABLE B.3 
6 -p-(S) (8) -Co(trenen)Cl 2+ 6 - p - (S) (\) - Co(trenen)Cl 
2+ 
0 0 0 0 0 0 
X(A) Y(A) Z (A) X (A) y (A) Z (A) 
co .000 .000 .000 . 000 .000 .000 
N (1) 1.939 .000 .000 1. 9 48 .000 .000 
N (2) .131 1.926 .000 . 101 1.926 .000 
Cl - .064 .195 2.232 - .028 .181 2.233 
N (3) -1.909 .187 - .269 -1 .926 .130 - .243 
N ( 4) .108 - .315 -1.942 .051 - .250 -1.950 
N (5 } - .256 - 1.902 .324 - .239 -1.903 .303 
C (1) 2.435 1.365 - .403 2.436 1.413 - .164 
C (2) 1.296 2.249 - .869 1.346 2.287 - .737 
C (3) - 1.186 2.520 - _383 -1.194 2.427 - .544 
C ( 4) -2.252 1.590 .149 -2.261 1.556 .085 
C ( 5) -2.290 - .062 -1.707 -2.345 - .173 -1.660 
C (6) -1.119 .202 -2.609 -1.232 - .875 -2.377 
C (7) -2.501 - .874 .610 -2.481 - .888 .708 
C (8) -1.732 -2.164 .409 -1.701 -2.176 .542 
H (7) 2.291 - .236 .939 .198 2.308 .953 
H ( 1) 2.289 - .714 - .655 2.288 - .381 .895 
H (2) 2.927 1.838 .449 2.331 - .591 - .752 
H (3) 3.166 1.269 -1.207 2.741 1.809 .807 
H (4) 1.570 3.297 - .736 3.302 1.431 - .829 
H ( 5) 1.069 2.092 -1.921 1.585 3.337 - .556 
H (6) . 362 2.281 .940 1.255 2.142 -1.811 
H (8) -1.296 3.498 .090 -1.345 3.469 - .256 
H (9) - 1.279 2.662 -1.456 -1.211 2.355 -1.631 
H(lO) -2.280 1.666 1.236 -2.264 1.709 1.165 
H (11) -3.230 1.884 - .235 -3.245 1.823 - .303 
H ( 13) -2.616 -1.091 -1.859 -3.233 - .807 -1.676 
H(14) -3.118 .583 -2.003 -2.593 .737 -2.207 
H(l5) - 1.268 - .331 -3.551 -1.242 -1.943 -2.164 
H(16) -1.021 1.258 -2.847 -1.360 - . 749 -3.454 
H(l7) .158 -1.327 -2.121 .822 - .875 -2.227 
H (18) .939 .094 -2.390 .154 .627 -2.473 
H ( 19) - 2.470 - .583 1.659 -2.422 - .541 1.739 
H(20) -3.549 -1.029 .346 -3.535 -1.067 .493 
H (2 1 ) - 1 . 933 -2.829 1.252 -1.812 -2.773 1.449 
H ( 22) - 2.071 -2.671 - .495 -2.118 -2.753 - .283 
H ( 23) .197 -2 . 178 1.207 .310 -2.198 1.124 
H(24) .159 -1.486 - .415 .103 -2.448 - .500 
TABLE B. 4 
a 
2+ s- (R) - Co(trenen)N 2+ s- (R)-Co(trenen)Cl 3 
0 0 0 0 0 
0 
X (A) y (A) Z (A) X (A ) Z (A) Z (A) 
co . 000 .000 .000 .000 .000 .000 
N (1) 1.946 .000 .000 1.964 . 000 .000 
N (2) .093 1.933 .000 .148 1 . 946 .000 
N (3) -1.925 . .210 .097 - 1 .937 .250 . 053 
N (4) - .120 .007 -1.949 - .162 - . 037 - 1 . 949 
N (5) - . 061 - .203 1.953 - .152 - .151 1.979 
Cl - .026 -2.227 - .. 121 - .135b -l. 953b - . 045b 
C (1) 2.430 1.413 - .106 2.492 1.376 - . 107 
C (2) 1.425 2.317 .554 1.486 2.33 5 . 510 
C (3) -1.069 2.426 .791 -1.011 2. 5 11 .670 
C (4) -2.277 1.665 .307 -2.241 1.721 .199 
C (5) -2.437 - .292 -1.219 -2.478 - .281 - 1 . 229 
C (6) -1.551 .248 -2.314 -1.577 .204 - 2.362 
C (7) -2.378 - .629 1.253 -2.435 - . 539 1 . 213 
C (8) -1.479 - .337 2.425 -1.587 - .183 2.410 
H (1) 2.306 - .427 .866 
H (2) 2.292 - .547 - .802 
H (3) 3.398 1.516 .386 
H (4) 2.538 1.691 -1.156 
H (5) 1.464 2.199 1.635 
H ( 6) 1.644 3.357 .307 
H ( 7) .014 2.314 - .954 
H (8) - . 916 2.283 1.859 
H (9) -1.211 3.492 .607 
H(l0) -3.077 1.767 1.041 
H ( 11) -2.631 2.122 - .618 
H ( 13) -2.422 -1.382 -1.250 
H (14) -3.466 .038 -1.374 
H(15) -1.783 - .263 -3.251 
H(16) -1.726 1.314 -2.456 a Orthogo nalised crystal 
H(17) .187 .893 -2.346 
structure coordinates, after 
- I . E. Maxwell, PhD Thesis, 
H (18) .476 .740 -2.358 A. N.U. (1969) 
H(19) -3.412 - .394 1.510 
H ( 20) -2.333 -1.690 1.012 b Coordinated nitrogen, N ( 6 ) , 
H (21) -1.807 .57 3 2.928 
of a zido ligand 
H ( 22) -1.550 -1.158 3. 142 
H ( 23) .389 .578 2.447 
H ( 24) .457 -1.055 2.213 
TABLE B.5 
t-(R) (8)-Co(trenen)Cl 2+ t-(R) (A)-Co(trenen)Cl 2+ 
0 0 0 0 0 0 
X (A) y (A) Z (A) X(A) y (A) Z (A) 
co .000 .000 .000 .000 .000 .000 
N ( 1) 1.943 .000 .000 1.942 .000 .000 
N (2) .116 1.946 .000 .112 1.949 .000 
N (3) .063 - .111 1.946 .097 - .111 1.943 
N (4) .078 - .124 -1.948 .037 - .107 -1.945 
N (5) - .266 -1.953 - .051 - .256 -1.955 - .050 
Cl -2.206 .248 .050 -2.206 .237 .065 
C (2) - .430 -2.450 -1.454 - .370 -2.458 -1.455 
C (3) - .773 -1.290 -2.344 - .750 -1.315 -2.349 
C (4) 1.507 - .321 -2.380 1.469 - .190 -2.392 
C ( 5) 2.345 - .781 -1.212 2.338 - .697 -1.265 
C (6) 2.357 - .661 1.281 2.373 - .748 1.227 
C (7) 1.492 - .120 2.391 1.514 - .318 2.390 
C (8) 2.479 1.409 - .051 2.472 1.412 .002 
C (9) 1.429 2.341 - .583 1.435 2.342 .561 
H (1) - .638 2.358 - .568 .022 2.327 - .953 
H (2) .042 2.320 .956 - .631 2.362 .581 
H (3) 1.390 2.314 -1.670 1.669 3.366 .263 
H (4) 1.667 3.363 - .282 1.419 2.304 1.648 
H ( 5) 3.360 1.464 - . 693 2.727 1.743 -1.004 
H ( 6) 2.782 1.756 .937 3.378 1.485 .605 
H ( 7) 3.405 - .443 1.492 2.295 -1.824 1.089 
H (8) 2.252 -1.743 1.227 3.419 - .534 1.451 
H (9) 1.803 .889 2.664 1.541 -1.096 3.155 
H(lO) 1.598 - .756 3.272 1.917 .592 2.834 
H (11) - .428 .688 2.373 - .277 .754 2.358 
H ( 12) - .400 - .971 2.272 - .486 - .894 2.275 
H(l3) 3.402 - .622 -1.433 3.386 - .488 -1.490 
H(14) 2.207 -1.848 -1.048 2.236 -1.775 -1.162 
H(l5) 1.916 .603 -2.786 1.807 .796 -2.712 
H(l6) 1.572 -1.068 -3.173 1.568 - . 861 -3.246 
H(l7) .480 -2.938 -1.805 .565 -2.907 -1.7 9 1 
H (18) -1.238 -3.183 -1.493 -1.144 -3.226 -1. 508 
H(l9) -1.829 -1.042 -2.240 . .548 -1.574 - 3 . 390 -
H(20) - .596 -1.557 -3.388 -1.818 -1.115 -2. 255 
H ( 21) -1.126 -2.174 .472 .488 -2.475 .430 
H ( 22) .498 -2.472 .401 -1.133 -2.175 .444 
H(23) - .305 .732 -2.377 - .407 .724 -2.364 
TABLE B.6 
2+ 2+ 
~-p-(R) (8)-Co(rnetrenen)Cl ~-p-(R) (A)-Co(rnetrenen)Cl 
0 0 0 
0 0 0 
X(A) y (A) Z (A) X (A) y (A) Z (A) 
co -000 .000 .000 .000 .000 .000 
N ( 1) 1.938 .ooo .000 1.940 .000 .000 
N ( 2) .024 1.975 .000 .005 1.972 .000 
N (3) -1.925 .061 - .044 -1.922 .117 - .015 
N (4) - .013 - .156 -1.953 - .029 - .163 -1.948 
N (5) .225 -1.928 .168 - .159 -1.943 .117 
Cl .127 - .056 2.258 .078 - .057 2.251 
C ( 1) 2.400 1.424 .097 2.390 1.427 - .024 
C (2) 1.316 2.290 .698 1.338 2.301 .613 
C (3) -1.205 2.292 .806 -1.150 2.334 .895 
C (4) -2.365 1.464 .290 -2.323 1.393 .689 
C (5) -2.386 - .369 -1.413 -2.410 .128 -1.442 
C ( 6) -1.402 .054 -2.465 -1.416 - .535 -2.358 
C (7) -2.392 - .961 .950 -2.405 -1.106 .716 
C ( 8) -1.555 -2.219 .810 -1.604 -2.310 .286 
C (9) - .022 2.783 -1.270 - .122 2.743 -1.287 
H (1) 2.311 - .544 .792 2.309 - .470 .839 
H (2) 2.293 - .425 - .869 2.308 - .494 - .826 
H (3) 3.291 1.478 .725 3.325 1.526 .531 
H (4) 2.664 1.795 - .894 2.573 1.742 -1.052 
H ( 5) 1.255 2.125 1.772 1.339 2.140 1.690 
H (6) 1.581 3.340 .559 1.587 3.350 .441 
H (8) -1.059 2.108 1.868 - .855 2.325 1.944 
H (9) -1.452 3.351 .705 -1.480 3.352 . 686 
H(lO) -3.149 1.440 1. Q;:18 -2.751 1.163 1.666 
H (11) -2.783 1.954 - .590 -3.103 1.912 .130 
H (13) -2.489 -1.453 -1.469 -3.361 - .401 -1.518 
H ( 14) -3.364 .060 -1.635 -2.591 1.141 -1. 795 
H ( 15) -1.550 - .562 -3.354 -1.541 -1.617 -2.350 
H(16) -1.577 1.084 -2.761 -1.593 - .194 -3.380 
H(17) .311 -1.091 -2.238 .606 - .923 -2.232 
H (18) .627 .513 -2.396 .274 .665 -2.469 
H(l9) -2.336 - .574 1.967 -2.308 - .984 1.795 
H(20) -3.440 -1.201 .760 -3.462 -1.278 .506 
H ( 21) -1.394 -2.650 1.800 -1.691 -3.082 1.054 
H (22) -2.098 -2.957 .216 -2.013 -2. 7 24 - .635 
H ( 23) .535 -2.305 .754 .383 -2.295 .920 
H ( 24) - .181 -2.413 - .738 .215 -2.406 - .722 
H(39) - .979 2.681 -1.771 -1.020 2.464 -1.827 
H(40) .099 3.842 -1.039 - .183 3.812 -1.076 
H (41) .778 2.504 -1.951 .745 2.595 -1.928 
TABLE B.7 
2+ 2+ 
~-p-(S) (o)-Co(metrenen)Cl ~-p-(S) (A)-Co(metrenen )Cl 
0 0 0 0 0 0 
X(A) y (A) Z (A) X (A) Y(A) Z (A) 
co .000 .000 .000 .000 . 000 .000 
N (1) 1.928 .000 .000 1.932 .000 .000 
N (2) .171 1.999 .000 .146 1.973 .000 
N (3) -1.907 .163 .282 -1.920 .108 .256 
N (4) .092 - .358 -1.950 .063 - .272 -1.955 
N (5) - .251 -1.923 .271 - .229 -1.918 .245 
Cl - .117 .015 2.241 - .055 .031 2.247 
C ( 1) 2.397 1.256 - .688 2.431 1.288 - .597 
C ( 2) 1.235 2.168 -1.042 1.301 2.248 - .917 
C ( 3) -1.189 2.489 - .420 -1.190 2.415 - .520 
C (4) -2.226 1.559 .165 -2.249 1.526 .102 
C (5) -2.304 - .058 -1.722 -2.331 - .167 -1.680 
C (6) -1.131 .148 -2.635 -1.224 - .881 -2.395 
C (7) -2.506 - .913 .573 -2.481 - .929 .670 
C (8) -1.727 -2.194 .354 -1.686 -2.208 .498 
C (9) .632 2.773 1.223 .422 2.699 1.292 
H !1) 2.288 - .026 .965 2.283 - .088 .964 
H ( 2) 2.272 - .833 - .499 2.289 - .804 - .536 
H ( 3) 3.094 1.787 - .037 3.124 1.766 .098 
H (4) 2.937 .994 -1.600 2.980 1.070 -1.516 
H (5) 1.579 3.204 -1.066 1.661 3.267 - .765 
H (6) .859 1.963 -2.039 1.026 2.195 -1.966 
H (8) -1.382 3.501 - .063 -1.385 3.455 - .253 
H (9) -1.285 2.535 -1.499 -1.220 2.340 -1.606 
H(lO) -2.192 1.628 1.252 -2.257 1.653 1.184 
H (11) -3.224 1.853 - .164 -3.235 1.796 - .278 
H ( 13) -2.688 -1.066 -1.878 -3.229 - .785 -1.713 
H ( 14) -3.100 .631 -2.009 -2.560 .753 -2.218 
H ( 15) -1.291 - .428 -3.550 -1.251 -1.949 -2.192 
H ( 16) -1.025 1.187 -2.933 -1.344 - .745 -3.472 
H ( 17) .115 -1.373 -2.107 .830 - .915 -2.199 
H ( 18) . 929 - .003 -2.431 .187 .577 -2.515 
H ( 19) -2.497 - .640 1.627 -2.449 - .598 1.706 
H (20) -3.549 -1. 069 .292 -3.530 -1.117 .432 
H ( 21) -1.924 -2.874 1.185 -1.782 -2.805 1.407 
H ( 22) -2.062 -2.687 - .560 -2.104 -2.792 - .322 
H ( 23) .203 -2.230 1.143 .334 -2.240 1.047 
H ( 24) .163 -2.501 - .473 .103 -2.446 - .573 
H(39) - .021 3.618 1.438 .552 3.766 1.106 
H(40) .692 2.177 2.122 - .406 2.596 1.991 
H ( 41) 1.628 3.191 1.082 1.333 2.319 1.756 
TABLE B.8 
2+ 
s-(R) (A 2+ s-(R)( o )-Co(rnetrenen)Cl )-Co(rnetrenen)Cl 
0 0 0 0 0 0 
X (A) y (A) Z(A) X(A) y (A) Z (A) 
co .000 .000 .000 .000 . 000 .000 
N (1) 1.942 .00 .000 1.948 . 000 . 000 
N (2) .109 1.982 .000 .099 1.978 .000 
N ( 3) -1.925 .142 .118 -1.938 .195 .086 
N (4) - .173 - .122 -1.950 - .188 - .185 -1.934 
N (5) - .040 - .195 1.969 - .069 - .189 1.961 
Cl .010 -2.236 - .042 .051 -2.241 .021 
C ( 1) 2.466 1.394 .158 2.459 1.405 .004 
C (2) 1.390 2.289 .718 1.423 2.302 .626 
C (3) -1.109 2.390 .772 -1.055 2.392 .860 
C (4) -2.288 1.600 .255 -2.276 1.638 . 400 
C ( 5) -2.471 - .457 -1.146 -2.554 - .212 -1.230 
C (6) -1.624 - .026 -2.315 -1.529 - .814 -2.158 
C (7) -2.359 - .645 1.319 -2.366 - .691 1.216 
C ( 8) -1.449 - .315 2.468 -1.485 - .411 2.408 
C (9) .127 2.741 -1.301 - .002 2.707 -1.313 
H (1) 2.291 - .590 .769 2.294 - .492 .837 
H ( 2) 2.275 - .397 - .891 2.304 - .492 - .832 
H ( 3) 3.319 1.389 .840 3.382 1.461 .585 
H ( 4) 2.809 1.776 - .805 2.679 1.727 -1.015 
H (5) 1.309 2.155 1.793 1.412 2.153 1.704 
H (6) 1.675 3.331 .556 1.688 3.345 .442 
H ( 8) - .972 2.228 1.837 - .866 2.209 1.914 
H (9) -1.304 3.455 .635 -1.235 3.464 .755 
H(lO) - 3.123 1.722 .947 -3.034 1.693 1.182 
H ( 11) -2.607 2.013 - .701 -2.690 2.156 - .464 
H ( 13) -2.469 -1.546 -1.091 -3.345 - .944 -1.059 
H (14) -3.501 - .130 -1.297 -3.014 .634 -1.740 
H ( 15) -1.827 - .687 -3.160 -1.485 -1.893 -2.016 
H(16) -1.891 .983 -2.623 -1.837 - .637 -3.191 
H(17) .184 -1.033 -2.272 .539 - .834 -2.268 
H (18) .368 .582 -2.465 - .117 .654 -2.518 
H (19) -3.390 - .400 1.582 -3.408 - .493 1.476 
H ( 20) -2.317 -1.717 1.125 -2.296 -1.741 .937 
H ( 21) - 1 . 775 .606 2.952 -1.857 .461 2.949 
H ( 22) -1.506 -1.115 3.209 -1.525 -1.264 3.087 
H ( 23) .423 .557 2.488 .331 .600 2.481 
H ( 24) .466 -1.057 2.217 .490 -1.009 2.236 
H ( 39) - .772 2.561 -1.881 - .940 2.476 -1.816 
H(40) . 176 3.813 -1.107 .028 3.785 -1.147 
H (41) 
.998 2.478 -1.899 .829 2.452 -1.968 
TABLE B.9 
2+ 2+ 
t-(R) (o)-Co(metrenen)Cl t-(R) (A)-Co(metrenen)Cl 
0 0 0 0 
0 0 
X(A) Y(A) Z(A) X(A) y (A) Z(A) 
co .000 .000 .000 .000 .000 .000 
N ( 1) 1.945 .000 .000 1.938 .000 .000 
N (2) .133 1.952 .000 .089 1.958 .000 
N (3) .090 - .087 1.951 .095 - .025 1.953 
N (4) .024 - .198 -1.977 .053 - . 245 -1.973 
N ( 5) - .242 -1.961 .048 - .227 -1.957 .092 
Cl -2.206 .232 .098 -2.212 .204 .072 
C ( 1) - .646 .890 -2.772 - .534 .862 -2.802 
C ( 2) - .299 -2.547 -1.325 - .346 -2.562 -1.270 
C (3) - .720 -1.470 -2.276 - .745 -1.490 -2.240 
C (4) 1.472 - .309 -2.390 1.495 - .446 -2.373 
C (5) 2.344 - .747 -1.236 2.344 - .824 -1.182 
C (6) 2.368 - .701 1.257 2.394 - .621 1.289 
C (7) 1.517 - .193 2.394 1.516 - .145 2.417 
C (8) 2.499 1.403 .009 2.446 1.410 - .153 
C (9) 1.475 2.368 - .506 1.455 2.376 .428 
H (1) - .603 2.387 - .573 - .131 2.400 - .898 
H (2) .022 2.308 .959 - .590 2.324 .683 
H (3) 1.507 2.410 -1.591 1.665 3.378 .049 
H (4) 1.705 3.368 - .133 1.527 2.410 1.513 
H (5) 3.392 1.468 - .614 2.597 1.666 -1.201 
H ( 6) 2.787 1.713 1.013 3.405 1.532 .353 
H (7) 3.418 - .486 1.465 2.364 -1.708 1.240 
H (8) 2.277 -1.782 1.172 3.429 - .343 1.496 
H (9) 1.873 .780 2.734 1.568 - . 868 3.232 
H(lO) 1.589 - .888 3.233 1.883 .806 2.804 
H (11) - .342 .745 2.377 - .316 .837 2.338 
H (12) - .431 - .906 2.294 - .451 - .816 2.323 
H ( 13) 3.389 - .545 -1.476 3.394 - .636 -1.414 
H (14) 2.261 -1.818 -1.078 2.248 -1.886 - .970 
H (15) 1.842 .642 -2.771 1.901 .456 -2.830 
H(16) 1.579 -1.032 -3.200 1.575 -1.235 -3.122 
H ( 17) .657 -2.973 -1.623 .588 -3.029 -1.582 
H ( 18) -1.038 -3.351 -1.347 -1. 115 -3.337 -1.260 
H(l9) -1.794 -1.312 -2.173 - .577 -1.842 -3.259 
H(20) - .528 -1.795 -3.301 -1.811 -1.288 -2.132 
H ( 21) -1.140 -2.157 .514 .534 -2.425 .599 
H ( 22) .478 -2.457 .585 -1.095 -2.158 .609 
H(39) - .133 1.842 -2.679 - .639 .533 -3.837 
H(40) - .655 .621 -3.829 -1.514 1.150 -2.424 
H (41) 
-1.676 1.026 -2.445 .118 1.735 -2.811 
co 
N (1) 
N (2) 
N (3) 
N (4) 
N (5) 
Cl 
C (1) 
C (2) 
C (3) 
C (4) 
C (5) 
C (6) 
C (7) 
C ( 8) 
C (9) 
TABLE B.10 
a 
s(R)-Co(metrenen C1) 2+ 
0 0 
X (A) Y(A) 
.000 .000 
1.951 .000 
.128 2.005 
-1.946 .170 
- .165 - .155 
- .165 - .155 
.070 -2.279 
2.477 1.427 
1.360 2.313 
-1.185 2.435 
-2.322 1.659 
-2.444 - .555 
-1.597 - .119 
-2.444 - .555 
-1.597 - .119 
.179 2.637 
0 
Z (A) 
.000 
.000 
.000 
.000 
-1.970 
1.970 
.000 
.000 
.820 
.750 
.000 
-1.250 
-2.390 
1.250 
2.390 
-1.490 
a orthogonalised crystal structure 
coordinates, after B. M. Foxman.6~ 
---------------~-------- - ------------------------
TABLE B .11 
t-(R)-Co(metrenen)Cl 
2+a 
0 0 0 
X (A) y (A) Z(A) 
co .000 .000 .000 
Cl -2.239 .199 .048 
N (1) 1.920 .000 .000 
N ( 2) .137 1.952 .000 
N (3) .077 - .070 1.952 
N ( 4) .079 - .221 -1.988 
N (5) - .256 -2.019 .101 
C (1) - .573 .843 -2.828 
C (2) - .291 -2.590 -1.299 
C ( 3) - .626 -1.502 -2.293 
C (4) 1.531 - .273 -2.377 
C (5) 2.395 - .801 -1.183 
C (6) 2.354 - .761 1.295 
C (7) 1.485 - .142 2.456 
C (8) 2.518 1.427 - .051 
C ( 9) 1.582 2.428 - .167 
a Orthogonalised crystal structure 
coordinates, after K. J. Watson.0~ 
01 - 03 
11 - 13 
21 - 23 
31 - 33 
41 - 43 
APPENDIX C 
Structural parameters 
2+ 
Co(tren) (NH 3)cl ions 
2+ 2+ 
~-p-Co(trenen)Cl and ~-p-Co(Metrenen)Cl 
2+ 2+ 
s-(R)-Co(trenen)Cl and s-(R)-Co(Metrenen)Cl 
t-(R)-Co(trenen)Cl 2+ 
2+ 
t-(R)-Co(Metrenen)Cl 
Bond lengths 
Co -N (1) 
Co -N (2) 
Co -N (3) 
Co -N(4) 
Co -N(5) 
Co -Cl 
N ( 2) -C ( 3) 
N(3)-C(4) 
N(3)-C(5) 
N(3)-C(7) 
N(4)-C(6) 
N ( 5) -C ( 8) 
C(3)-C(4) 
C(5)-C(6) 
C ( 7) -C ( 8) 
Bond torsion angles 
Co -N(2)-C(3)-C(4) 
Co -N(3)-C(4)-C(3) 
Co -N(3)-C(5)-C(6) 
Co -N(3)-C(7)-C(8) 
Co -N(4)-C(6)-C(5) 
Co -N(5)-C(8)-C(7) 
N(2)-C(3)-C(4)-N(3) 
N(3)-C(5)-C(6)-N(4) 
N(3)-C(7)-C(8)-N(5) 
TABLE C.01 
2+ Co (tren) (NH 3 )Cl 
p- isomer 
0 
A kcal/mol 
1.945 .05 
1.948 .07 
1.937 .02 
1.950 .08 
1.952 .09 
2.235 .12 
1.491 .00 
1.508 .14 
1.500 .04 
1.500 .04 
1.497 .02 
1.501 .06 
1.503 .00 
1.509 .03 
1.508 .02 
deg kcal/mol 
-40.7 .36 
-21.6 1.10 
-44.8 .23 
45.1 .22 
-23.6 1.03 
14.9 1.32 
40.7 .59 
45.5 .34 
-39.5 .65 
t- isomer 
0 
A kcal/mol 
1.971 .27 
1.951 .08 
1.936 .02 
1.948 .07 
1.949 .07 
2.215 .02 
1.491 .00 
1.508 .14 
1.500 .04 
1.499 .03 
1.497 .02 
1.502 .06 
1.502 .00 
1.509 .03 
1.510 .03 
deg kcal/mol 
-41.7 .33 
-19.4 1.18 
-43.3 .28 
46.3 .19 
-25.5 .95 
12.8 1.37 
39.7 .64 
45.8 .33 
-39.2 . 67 
Bond angles 
Co -N(2)-C(3) 
Co -N(3)-C(4) 
Co -N(3)-C(5) 
Co -N(4)-C(6) 
Co -N(3)-C(7) 
Co -N(5)-C(8) 
Cl -Co -N (2) 
Cl -Co -N ( 3) 
Cl -Co -N (4) 
Cl -Co -N(5) 
Cl -Co -N (1) 
N(2)-Co -N (1) 
N(2)-Co -N(3) 
N(2)-Co -N (4) 
N(2)-Co -N ( 5) 
N(2)-C(3)-C(4) 
N(3)-Co -N(4) 
N(3)-Co -N (5) 
N(3)-Co -N (1) 
N(3)-C(4)-C(3) 
N(3)-C(5)-C(6) 
N(3)-C(7)-C(8) 
N(4)-Co -N (1) 
N(4)-C(6)-C(5) 
N(S)-Co -N (1) 
N(S)-C(8)-C(7) 
C(4)-N(3)-C(5) 
C(4)-N(3)-C(7) 
C(5)-N(3)-C(7) 
I 
TABLE C.02 
2+ Co(tren) (NH3 )Cl 
p- isomer 
deg kcal/mol 
107.9 .02 
110.4 .01 
105.3 .15 
108.9 .00 
105.9 .11 
110.1 .00 
94.2 .38 
87.9 .09 
87.7 .12 
89.5 .01 
89.0 .00 
87.4 .11 
92.4 .08 
92.2 .07 
108.6 .02 
88.5 .03 
87.2 .12 
110.1 .01 
108.5 .02 
108.8 .01 
91.6 .04 
109.4 .00 
93.0 .13 
110.1 .01 
110.6 .02 
111.7 .11 
112.7 .22 
t- isomer 
deg kcal/mol 
108.0 .02 
111.0 .02 
105.8 .12 
108.5 .01 
104.8 .20 
109.4 .00 
88.3 .07 
91.9 .08 
92.0 .09 
89.2 .01 
86.7 .17 
92.3 .07 
92.2 .07 
108.4 .03 
88.8 .02 
87.7 .08 
95.8 .50 
110.0 .01 
108.3 .03 
108.9 .01 
87.7 .08 
109.7 .00 
88.1 .06 
110.4 .02 
110.2 .01 
111.9 .12 
113.0 .26 
TABLE C.03 
Co(tren) (NH3 )Cl 
2+ 
Non-bonded interactions exceeding 0.3 kcal/mol 
0 0 
p-isomer A kcal/mol t- isomer A kcal/mol 
·c1 ••• H (2) 2.69 .38 Cl ••• H (2) 2.62 . . 59 
Cl ... H(l3) 2.69 .38 H (3) ... H(l3) 2.07 .79 
Cl ... H(l7) 2.65 .48 
Cl ... H(20) 2.63 .55 H (1) ... H(20) 2.20 .40 
Cl ... H (24) 2.69 .37 H (1) ... H(24) 2.18 .44 
C (5) ... H(ll) 2.49 .39 C (5) ... H(ll) 2.48 .43 
C (7) ... H(l0) 2.53 .31 C (7) ... H(l0) 2.52 .31 
H (7) ... H(l8) 2.17 .47 H (7) ... H(l8) 2.19 .43 
H (8) ... H(21) 2.15 .52 H (8) ... H(21) 2.20 .41 
H(l0) ... H(l9) 2.22 .35 H(l0) ... H(19) 2.23 .33 
H(ll) ... H(l6) 2.15 .52 H(ll) ... H(l6) 2.19 .41 
H(l5) ... H(17) 2.24 .31 H(l5) ... H(l7) 2.25 .30 
H(21) ... H(23) 2.25 .30 H(21) ... H(23) 2.25 .31 
H(22) ... H(24) 2.22 .35 H(22) ... H(24) 2.23 .35 
TABLE C.11 
2+ 2+ 
~-p-Co(trenen)Cl ~- p - Co(rnetrenen)Cl 
R(A)-isorner S(A)-isorner R(>.)-isorner S(>.)-isorner 
0 0 0 0 
Bond lengths A kcal/rnol A kcal/rnol A kcal/rnol A kcal/rnol 
Co -N (1 ) 1.942 .04 1.948 .07 1.940 .03 1.932 . 01 
Co -N (2) 1.925 .00 1.928 .00 1.972 .28 1.978 .36 
Co -N (3) 1.919 .00 1.946 .05 1.926 .00 1.939 .03 
Co -N (4) 1.955 .11 1.967 .22 1.956 .12 1.975 .31 
Co -N(S) 1.944 .04 1.942 .04 1.953 .10 1.947 .06 
Co -Cl 2.243 .19 2.241 .17 2.253 .28 2.248 .23 
N ( 1) -C ( 1) 1.498 .03 1.504 .08 1.497 .02 1.505 .10 
N ( 2) -C ( 2) 1.496 .01 1.491 .00 1.504 .08 1.501 .05 
N(2)-C(3) 1.500 .04 1.491 .00 1.505 .10 1.500 .05 
N(2)-C(9) 1.506 .11 1.507 .13 
N(3)-C(4) 1.508 .13 1.502 .06 1.511 .19 1.499 .03 
N(3)-C(5) 1.505 .10 1.508 .14 1.508 .14 1.508 .14 
N(3)-C(7) 1.504 .08 1.499 .03 1.504 .09 1.499 .03 
N(4)-C(6) 1.493 .00 1.490 .00 1.493 .00 1.491 .00 
N(5)-C(8) 1.499 .04 1.506 .11 1.501 .05 1.507 .12 
C ( 1) -C ( 2) 1.507 .02 1.511 .04 1.509 .03 1.517 .10 
C(3)-C(4) 1.517 .11 1.514 .07 1.518 .12 1.516 .09 
C(5)-C(6) 1.504 .07 1.499 .00 1.506 .01 1.498 .00 
C(7)-C(8) 1.509 .03 1.515 .08 1.509 .03 1. 516 .09 
Bond torsion angles deg. kcal/mol deg. kcal/rnol deg . kcal/mol deg. kcal/mol 
Co -N(l)-C(l)-C(2) 32.3 .68 -19.3 1.18 27.3 .88 4.6 1.52 
Co -N(2)-C(2)-C(l) 43.8 .26 -47.8 .15 45.5 .21 -44.4 .24 
Co -N(2)-C(3)-C(4) -26.5 .91 41.7 .33 -38.5 .44 40.3 .37 
Co -N(2)-C(9)-H(39) 56.2 .02 175. 4 .02 
Co -N(3)-C(4)-C(3) 31.1 .73 42.1 .31 13.5 1.36 43.0 .29 
Co -N(3)-C(5)-C(6) 31.5 . 71 16.7 1.26 24.8 .98 18.7 1.20 
Co -N(3)-C(7)-C(8) -38.6 .43 -46.9 .18 -42. 6 .30 -46.6 .18 
Co -N(4)-C(6)-C(5) 32.5 .67 44.0 . 25 34.7 .58 43.1 .28 
Co -N(5)-C(8)-C(7) -22.3 1.07 - 9.7 1.44 -16.7 1.26 - 7.6 1.48 
N(l)-C(l)-C(2)-N(2) -51.1 .13 43.9 .42 - 49.8 .17 27.0 1.44 
N(2)-C(3)-C(4)-N(3) - 3.0 2.48 -56.1 . 03 17.4 2.01 - 57.7 .01 
N(3)-C(5)-C(6)-N(4) -42.4 .49 -39.1 .67 -39.4 . 66 - 39.7 . 64 
N(3)-C(7)-C(8)-N(5) 40.8 .58 37.8 .75 39 . 5 .65 36.0 . H6 
TABLE C.12 
2+ 2+ 
~-p-Co(trenen)Cl ~ -p-Co(rnetrenen)Cl 
R(11.)-isorner S(A)-isorner R(A)-isorner S ( A ) - is OffiL' r 
deg. kcal/rnol deg. kcal /rnol deg. kcal /mol deg. kc-al 1 ml1 L 
Co -N ( 1) -C ( 1) 106.6 .08 108.9 .00 107.5 .03 109.4 .00 
Co -N(2)-C(2) 105.5 .14 106.6 .07 102.8 .39 103.9 .28 
Co -N ( 2) -C ( 3) 108.8 .oo 106.9 .06 103.8 .28 103.2 .35 
Co -N(3)-C(4) 107.5 .04 104.9 .19 108.2 .01 103.8 .29 
Co -N(3)-C(5) 108.3 .01 112.3 .07 109.3 .00 112.6 .09 
Co -N(4)-C(6) 108.4 .01 108.4 .01 107.9 .02 108.7 .01 
Co -N(3)-C(7) 106.0 .11 104.0 .26 105.5 .14 104.6 .21 
Co -N (5)-C (8) 108.5 .01 108.8 .00 109.2 .00 108.9 .00 
Co -N(2)-C(9) 120.8 1.12 119.6 .89 
N(l)-Co -N ( 2) 89.7 .00 87.0 .13 89.9 .00 85 . 8 . 27 
N(l)-Co -N(4) 89.9 .00 88.5 .03 90.9 . 01 88.2 .05 
N(l)-Co -N(5) 96.0 .54 97.1 .74 94.7 .32 96.8 . 68 
N(l)-Co -Cl 88.7 .04 90.7 .01 88.0 .09 91.4 .04 
N(l)-C(l)-C(2) 109.0 .01 110.5 .02 109.6 .00 112.2 .16 
N(2)-Co -N (3) 84.1 .51 89.2 .01 86.7 .17 91.0 .01 
N(2)-Co -N(4) 90.7 .01 97.2 .77 94.8 .34 97.8 .90 
N(2)-Co -Cl 91.6 .06 85.4 .46 91.4 .04 89.3 .01 
N(2)-C(2)-C(l) 107.2 .12 105.9 .28 108.6 .02 109.2 .00 
N(2)-C(3)-C(4) 110.2 .01 105.5 .36 111.3 .07 107.9 .06 
N(3)-Co -N(4) 89.1 .01 84.9 .39 89.0 .02 84.8 .41 
N(3) -Co -N (5) 90.1 .00 87.9 .07 88.8 .02 87.4 .10 
N(3)-Co -Cl 92.5 .13 96.1 .82 92.5 .14 96.1 .82 
N(3)-C(4)-C(3) 111.0 .05 107.4 .10 112.4 .19 107.7 .07 
N(3)-C(5)-C(6) 110.6 .03 109.7 .00 111.0 .05 109.6 . 00 
N(3)-C(7)-C(8) 110.4 .02 108.5 .02 109.9 .00 108.5 .0 2 
N(4)-Co -N(5) 90.2 .00 91.9 .05 88.6 . 03 89.6 .00 
N(4)-C(6)-C(5) 109.0 .01 107.8 .06 109.7 . 00 107.6 . 08 
N(5)-Co -Cl 87.7 .12 85.5 .44 85.3 .49 83.4 . 96 
N(5)-C(8)-C(7) 110.3 .01 111.3 .07 110.3 .02 111.4 .0 8 
C ( 2) -N ( 2) -C ( 3) 114.3 .50 117.6 1.43 112.7 .22 114.8 .62 
C(2)-N(2)-C(9) 108.1 . 04 107.1 .12 
C(3)-N(2)-C(9) 108.7 .01 108 .6 .02 
C(4)-N(3)-C(5) 109.6 .00 109.5 .00 110.4 . 02 109.7 .00 
C(4)-N(3)-C(7) 112.0 .14 115.1 .69 112.0 . 14 115.2 .7 0 
C(5)-N(3)-C(7) 113.2 .30 110.9 .05 111.2 . 06 110.8 . 04 
TABLE C.13 
Non-bonded interactions e xceeding 0 . 3 kcal/mo 1. 
~-p-Co(trenen)Cl 2+ 
0 0 
R ()l) -isomer A kcal/rnol S(A)-isorner A kcal/rnol 
Cl ••• C (3) 3.09 .37 Cl ••• C (7) 3.08 .40 
Cl ••• C (4) 3.06 .48 
Cl ••• H (1) 2.67 .43 Cl ••• H ( 7) 2.49 1.19 
Cl ••• H (5) 2.71 .32 Cl ... H(l9) 2.55 .88 
Cl ... H(23) 2.65 .49 Cl .•. H(23) 2.65 .50 
C (4) ... H(l4) 2.49 .38 C (4) ... H(l4) 2.46 .49 
C (5) ... H(ll) 2.52 .33 C (7) ... H(l3) 2.50 .37 
H (7) ... H(18) 2.10 .69 H (2) •.. H(l7) 2.13 .59 
H(lO) •.. H(19) 2.17 .48 H (6) ... H(18) 1.99 1.19 
H(15) ... H(22) 2.05 .89 H(lS) ... H(22) 2.23 .34 
H(17) ... H(24) 2.20 .41 H(l5) ... H(24) 2.20 .40 
~-p-Co(rnetrenen)Cl 2+ 
0 0 
R(.A.)-isorner A kcal/rnol S(A)-isorner A kcal/rnol 
Cl ••• C (3) 3.01 .65 
Cl ••• C (7) 3.10 .33 Cl ••• C (7) 3.05 .50 
Cl ••• H (1) 2.67 .42 Cl ••• H (1) 2.67 .43 
Cl ••• H (5) 2.60 .68 Cl ••• C (9) 2.87 1.47 
Cl ••• H (8) 2.58 .76 
Cl ... H (19) 2.60 .66 Cl ... H(l9) 2.53 .96 
Cl ... H(23) 2.62 .58 Cl ... H(23) 2.60 .67 
Cl ... H ( 40) 2.60 .66 
C (4) ... H(l4) 2.51 .34 C (4) ... H(l4) 2.47 .46 
C (5) ... H(ll) 2.48 .43 
C (7) ... H(lO) 2.48 .41 
H (4) ... H(41) 2.20 .40 H ( 5) •.. C (9) 2.47 .45 
H ( 6) ... C ( 9) 2.51 .36 H (6) ... H(18) 1.90 1.76 
C ( 9) •.• H (9) 2.47 .44 C ( 9) •.. H ( 8) 2.50 .38 
C (9) ... H(l8) 2.42 .60 H (9) ... H(l4) 2.17 .48 
H(lO) ... H(l9) 2.20 .41 
H(ll) ... H(l4) 2.14 .57 
H(13) .• .. H(20) 2.21 .38 H(l3) ... H(20) 2.19 .42 
H(l4) ... H(39) 2.05 .86 H(l5) ... H(24) 2.17 .48 
H(l5) ... H(22) 2.10 .70 H(lS) ... H(22) 2.22 .36 
H(l7) ... H(24) 2.15 .52 
H(l8) ... H(41) 2.06 .84 
Bond lengthc-
Co -N ( 1) 
Co -N (2) 
Co -t~ ( 3) 
Co -N (4) 
Co -N(5) 
Co -Cl 
N(l)-C(l) 
N ( 2) -C ( 2) 
N ( 2) -C ( 3) 
N(2)-C(9) 
~n 3) -c < 4) 
N(3)-C(5) 
N(3)-C(7) 
N(~)-C(6) 
N(!::>)-C(8) 
C(l)-C(2) 
C ( 3) -C ( 4) 
C(5)-C(6 
(7•-
2+ 
s-(R)-Co(trenen)Cl 
0 
A kcal/mol 
1
• 946 
1.935 
1.939 
1.952 
1.965 
2.231 
1.497 
1.492 
1.490 
1.511 
1.500 
1.499 
1.497 
1.501 
l.S04 
1.507 
1.508 
1.: (J6 
.06 
.01 
.02 
.09 
.20 
.10 
.02 
.00 
.00 
.20 
.04 
.03 
.02 
.05 
• 0 -
.02 
.02 
. ,., 1 
TABLE C.21 
2+ a 
s(R)-Co(trenen)N
3 
0 
A kcal/mol 
1.964 
1.951 
1.953 
1.956 
1.991 
1.478 
1.484 
1.453 
1.510 
1.489 
1.489 
1_4g4 
1.498 
1.520 
1.536 
1.526 
1.510 
.20 
.09 
.10 
.12 
.54 
.06 
.02 
.60 
.16 
.00 
.00 
.01 
.03 
.14 
.46 
.24 
.03 
2+ 
s-(R)-Co(Metrenen)Cl 
6-conformer 
0 
A kcal/mol 
1.942 
1.985 
1.934 
1.962 
1.979 
2.236 
1.498 
1.501 
1.498 
1.506 
1.508 
1.501 
1.500 
1.499 
1.499 
1.508 
1.511 
L.507 
1.503 
.03 
.46 
.01 
.17 
.36 
.13 
.03 
.05 
.03 
.11 
.15 
.05 
.05 
.04 
.04 
.02 
.04 
.02 
.00 
crystal b 
0 
A Kcal/mol 
1.951 .08 
2. 009 . 89 
1. 954 .10 
1.983 .42 
1.983 .42 
2.280 .65 
1.521 .41 
1.511 .19 
1.573 2.95 
1.619 7.21 
1. 536 . 91 
1.529 .65 
1.529 .65 
1.493 .co 
1.493 .oo 
l.64S 7.60 
1.c:;67 1.62 
1.486 .03 
1.486 .07 
TABLE C.21 (Cont'd) 
Bond Torsion Angles deg kcal/mol deg kcal/mol deg kcal/mol deg kcal/mol 
Co -N(l)-C(l)-C(2) 30·. 6 .74 28.6 .83 18.8 1.20 31.2 .72 
Co -N(2)-C(2)-C(l) 44.7 .24 41.6 .33 46.7 .18 55.6 .02 
Co -N(2)-C(3)-C(4) -46.8 .18 -42.0 .32 -46.4 .19 -51.2 .08 
Co -N(2)-C(9)-H(39) - - 60.5 .00 
Co -N(3)-C(4)-C(3) -17.3 1.25 -16.8 1.26 -21.4 1.11 -30.1 .76 
Co -N(3)-C(5)-C(6) -43.7 .26 -43.9 .26 -41.2 .34 -46.6 .18 
Co -N(3)-C(7)-C(8) 47.3 .16 49.6 .11 45.3 .22 46.6 .18 
Co -N(4)-C(6)-C(5) -28.9 .81 -27.7 .86 -24.1 1.00 -23.9 1.01 
Co -N(5)-C(8)-C(7) 14.5 1.33 18.2 1.22 16.2 1.28 23.9 1.01 
N(l)-C(l)-C(2)-N(2) -49.3 .19 -45.5 .34 -43.7 .43 -56.7 .02 
N(2)-C(3)-C(4)-N(3) 41.6 .53 38.5 .71 46.2 .31 54.1 .06 
N(3)-C(5)-C(6)-N(4) 48.8 .21 46.9 .28 43.4 .44 45.8 .33 
N(3)-C(7)-C(8)-N(5) -40.2 .61 -43.9 .42 -39.7 .64 -45.8 .33 
TABLE C.2 2 
s-(R)-Co(Metrenen)Cl 2+ 
s-(R) - Co(trenen)Cl 2+ s(R)-Co(trenen)N 3 
2+ a 
a-conformer crystal 
b 
0 0 0 
0 
Bond Angles A kcal/mol A kcal/rnol A kcal/rnol A 
kcal / mol 
Co - N(l)-C{l) 108.8 .00 110.9 .02 110.5 .01 110.3 .01 
Co -N(2)-C(2) 107.4 .04 109.2 .00 104.S .22 104.8 .19 
Co -N(2)-C{3) 107.0 .OS 109.1 .00 103.2 .35 102.7 .41 
Co -N(3)-C(4) 110.l .00 109.1 .00 108.4 .01 109.2 . 00 
Co -N(3)-C(5) 105.0 .18 106.9 .06 106.3 .09 106. 5 . 0 8 
Co -N(4)-C{6) 107.6 .03 110.5 .01 108.9 .00 111.0 . 0 2 
Co -N(3)-C{7) 106.2 .10 106.6 .08 107.4 .04 106.5 . 0 8 
Co -N(5)-C(8) 110.6 .01 111.1 .02 111.0 .02 111.0 . 02 
Co -N(2)-C{9) - - 120.2 1.01 113.0 . 11 
N(l)-Co -N ( 2) 87.2 .11 85.7 .28 86.9 .15 86.3 .20 
N(l)-Co -N ( 4) 93.5 .18 94.8 .34 95.1 .38 94 . 8 . 34 
N(l)-Co -N ( 5) 91.8 .05 94.4 .28 91.2 .02 94.8 .34 
N(l)-Co -Cl 90.7 .01 93.9 .34 89.8 .00 88.2 .07 
N(l)-C{l)-C(2) 108.7 .01 108.8 .01 110.0 .01 105.7 .32 
N(2)-Co -N ( 3) 86.5 .18 87.0 .14 88.9 .02 88.7 .03 
N(2)-Co -N ( 4) 90.0 .00 91.5 .03 93.8 .22 94.8 .34 
N(2)-Co -N ( 5) 96.0 .53 94.7 . 32 95.7 .48 94.8 .34 
N(2)-C{2)-C{l) 106.2 .24 107.0 .14 108.1 .04 100.0 1.98 
N(2)-C{3)-C(4) 106.7 .17 107.3 .11 108.4 .03 104.0 .ss 
N(3)-Co -N ( 4) 89. 3 .01 87.0 .14 88.7 .03 85.6 .29 
TABLE C.22 (Cont'd) 
0 
0 0 
0 
Bond Angles A kcal/mol A 
kcal/mol A kcal/mol A kcal/mol 
N(3)-Co -N (5) 86.0 .24 84.7 
.42 85.8 .27 85.6 .29 
N(3)-Co -Cl 95.7 .71 93.4 .26 
94.5 .45 96.8 1.00 
N(3)-C(4)-C(3) 110.1 .01 111.7 .10 
110.4 .02 107.6 .08 
N(3)-C(5)-C(6) 108.4 .02 108.1 .04 
109.6 .00 107.6 .08 
N ( 3) -C ( 7) -C ( 8) 108.l .04 107.7 .07 
108.7 .01 107.6 .08 
N(4)-Co -Cl 87.0 .19 87.3 .16 
85.4 .47 85.7 .41 
N(4)-C(6)-C(5) 109.1 .00 107.6 .08 
109.7 .00 103.9 .01 
N(5)-Co -Cl 87.2 .18 86.7 .25 
85.4 .46 85.7 .41 
N(5)-C(8)-C(7) 109.7 .00 108.4 .03 
109.4 .00 108.9 .01 
C(2)-N(2)-C(3) 114.5 .54 117.3 1.35 
113.l .28 111.5 .09 
107.5 .09 113.2 .31 
C(2)-N(2)-C(9) -
108.5 .02 111.0 .05 
C(3)-N(2)-C(9) -
C(4)-N(3)-C(5) 111.4 .08 110.09 .OS 
112.0 .14 112.4 .18 
C(4)-N(3)-C(7) 111.2 .07 112.0 .13 
111.4 .08 112.4 .18 
C(5)-N(3)-C(7) 112.7 .22 111.1 .06 
111.l .05 109.7 .00 
TABLE C.23 
Non-bonded interactions exceeding 0.3 kcal/rnol. 
s-(R)-Co(trenen)Cl 2+ s-(R)-Co(rnetrenen)Cl 2+ 
0 0 
A kcal/rnol s>.. conformer A kcal/rnol 
Cl ... H(l7) 2.60 .65 Cl ... H(l7) 2.54 . . 93 
Cl ... H ( 20) 2.63 .57 Cl ... H ( 20) 2.65 .48 
Cl ... H ( 24) 2.66 .47 Cl ... H ( 24) 2.59 .71 
C (5) ... H(ll) 2.50 .38 Cl ... H(ll) 2.51 .34 
C ( 7) ..• H ( 10) 2.51 .36 C (7) ... H(l0) 2.52 .33 
C ( 9) ... H (6) 2.49 .40 
C ( 9) ... H (9) 2.51 .34 
H ( 1) ... H (3) 2.23 .34 
H ( 2) ... H (4) 2.24 .32 
H (4) ... H(41) 2.23 .34 
H (5) ... H(23) 2.11 .66 H (5) ... H(23) 1.96 1.39 
H (8) ... H(21) 2.21 .39 H (8) ... H(21) 2.13 .60 
H (8) ... H(23) 2.23 .34 H(l0) ... H(l9) 2.23 .34 
H(l0) ... H(l9) 2.24 .33 H(ll) ... H(39) 2.25 .30 
H(ll) ... H(l6) 2.20 .40 H(l3) ... H(20) 2.23 .34 
H(15) ... H(l7) 2.23 .35 
H(l6) ... H(39) 2.07 .79 
H(l8) ... H(41) 2. 08 .77 
H(21) ... H(23) 2.25 .30 H(21) ... H(23) 2.25 .31 
H(22) ... H(24) 2.21 .37 H(22) ... H(24) 2.21 .38 
H (7) ... H(l8) 2.16 .50 C (9) ... H(l8) 2.46 .46 
TABLE C. 31 
t-(R)-Co(trenen)Cl 2+ 
0 conformer 
" 
conformer 
0 0 
Bond lengths A kcal/rnol A kcal/rnol 
Co -N (1) 1.943 .04 1.942 .04 
Co -N (2) 1.949 .07 1.952 .09 
Co -N (3) 1.950 .08 1.948 .07 
Co -N (4) 1.954 .10 1.948 .07 
Co -N ( 5) 1.972 .28 1.973 .29 
Co -Cl 2.221 .04 2. 220· .04 
N (1) -C (5) 1.497 .02 1.498 .02 
N(l)-C(6) 1.500 .04 1.500 .05 
N(l)-C(8) 1.508 .15 1.508 .13 
N(2)-C(9) 1.490 .00 1.490 .00 
N(3)-C(7) 1.496 .02 1.501 .05 
N(4)-C(3) 1.497 .02 1.497 .02 
N ( 4) -C ( 1) 
N ( 5) -C ( 2) 1.498 .03 1.497 .02 
N ( 4) -C ( 4) 1.506 .12 1.503 .07 
C ( 2) -C ( 3) 1.502 .00 1.501 .00 
C(4)-C(5) 1.509 .03 1.511 .04 
C(6)-C(7) 1.508 .02 1.508 .02 
C(8)-C(9) 1.501 .00 1.500 .00 
Bond Torsion Angles deg. kcal/rnol deg. kcal/mo 1. 
Co -N(l)-C(5)-C(4) 45.5 .21 43.7 .26 
Co -N(l)-C(6)-C(7) -43.7 .26 -43.0 .29 
Co -N(l)-C(8)-C(9) -20.7 1.13 23.3 1.04 
Co -N(2)-C(9)-C(8) -41.2 .34 41.5 .34 
Co -N(3)-C(7)-C(6) -25.5 .95 -15.3 1.31 
Co -N(4)-C(3)-C(2) -46.6 .18 -44.3 .25 
Co -N(4)-C(4)-C(5) 17.5 1.24 22.0 1.08 
Co -N(5)-C(2)-C(3) -17.7 1.23 -20.4 1.14 
N(5)-C(2)-C(3)-N(4) 41.7 .53 41.8 .52 
N(4)-C(4)-C(5)-N(l) -41.7 .53 -44.0 .41 
N(l)-C(6)-C(7)-N(3) 45.9 .32 38.2 .73 
N(l)-C(8)-C(9)-N(2) 40.2 .61 -42.1 .51 
TABLE C . 32 
t - (R)-Co(tr enen)Cl 2+ 
0 conformer ,\ conformer 
Bond angles deg . k cal/mol 
deg. kcal / mol 
Co -N(5)-C (2) 1 11.6 . 04 111.5 
.04 
Co -N(4)-C ( 3) 106.9 . 06 107.7 
.03 
Co -N(4)-C (4 ) 109.4 . 00 
108.5 .01 
Co -N(l)-C( 5) 105 . 6 . 14 105.3 
.15 
Co -N(l)-C(6) 106 . 0 . 11 106.7 
.07 
Co -N(3)-C(7) 109 . 1 . 00 110.6 
. 01 
Co -N (1) -C ( 8) 110 . 8 . 02 
110.6 .01 
Co -N(2)-C(9) 108 . 5 . 01 108.4 
.01 
N(l)-Co -N (2) 86.6 . 10 86.7 
.16 
N(l)-Co -N (3) 88. l . 05 87.2 
.12 
N(l)-Co -N (4 ) 87 .7 .08 88.9 
.02 
N(l)-Co -N (5) 97.8 . 89 97.5 
.83 
N ( 1 ) - C ( 5 ) -C ( 4) 108.6 .02 108. 8 
.01 
N(l)-C(6)-C(7) 108.2 .04 109.0 
. 01 
N(l)-C(8)-C(9) 110 .1 .01 109.8 
.00 
N(2)-Co -N (3) 93.1 .15 93.1 
.14 
N(2)-Co -N (4) 93.5 .18 93.1 
.14 
N(2)-C(9)-C(8) 108.2 .03 108.0 
.05 
N(2)-Co -Cl 87.0 .20 87.2 
.18 
N(3)-Co -N (5) 88.5 .03 
88.6 .03 
N(3)-C(7)-C(6) 109.3 .00 110.4 
.02 
N(3)-Co -Cl 90.9 .02 
91.5 .05 
N(4)-Co -N (5) 85.2 .34 
85.6 . 29 
N ( 4) -C ( 3 ) -C ( 2) 108.4 .03 108.7 
.01 
N(4)-C(4)-C(5) 110.2 .01 110.2 
.01 
N(4)-Co -Cl 94.0 .34 
93.l .21 
N(5)-C(2)-C(3) 108.9 .01 108.8 
.01 
N(5)-Co -Cl 88.7 .04 
88.7 .04 
C(3)-N(4)-C(4) 111.2 .07 112.l 
.15 
C(5)-N(l)-C(6) 112.8 .24 112.5 
.20 
C ( 5) -N ( 1) -C ( 8) 111.4 .08 110.1 
.01 
C(6)-N(l)-C(8) 110.0 .01 111.4 
.08 
TABLE C.33 
Non-bonded interactions exceeding 0.3 kcal/mol 
t-(R)-Co(trenen)Cl 2+ 
0 0 
8 conformer A kcal/mol A conformer A kcal/mol 
Cl •• ~ H ( 1) 2.70 .35 Cl ••• H (2) 2.70 .36 
Cl ... H (19) 2.66 .47 Cl ... H ( 20) 2.71 .32 
Cl ... H(21) 2.69 .39 Cl ... H(22) 2.67 .44 
C (3) ... H(l6) 2.50 .38 C ( 3) .•. H ( 16) 2.53 .31 
C ( 5) ... H (5) 2.52 .33 C ( 5) •.. H (5) 2.49 .41 
C ( 6) ... H (6) 2.48 .42 C ( 6) ... H ( 6 )· 2.53 .31 
H (2) ... H(ll) 2.21 .38 H (1) ... H(23) 2.18 .45 
H (3) ... H(15) 2.11 .65 H (4) ... H(l0) 2.14 .55 
H (5) ... H(l3) 2.21 .37 H (5) ... H(l5) 2.16 .50 
H ( 6) ... H (9) 2.17 .48 H ( 6) ... H ( 8) 2.19 .42 
H (8) ... H(22) 2.07 .79 H (7) ... H(21) 2.03 .96 
H(l0) ... H(12) 2.25 .31 H (9) ... H(l2) 2.22 .36 
H(l4) ... H(l7) 2.18 .45 H(l4) ... H(17) 2.11 .63 
H(l5) ... H(23) 2.24 .32 
H ( 16) ... H ( 20) 2.23 .33 H(l6) ... H(l9) 2.24 .32 
H(18) ... H(21) 2.21 .37 H(l8) ... H(22) 2.22 .36 
TABLE C.41 
t-(R)-Co(metrenen)Cl 2+ 
0 conformer >. conformer crystal 
0 0 0 
Bond lengths A kcal/mol A kcal/mol A kcal/mol 
Co -N (1) 1.945 .05 1.938 .02 1.920 .00 
Co -N (2) 1.956 .12 1.960 .15 1.957 .13 
Co -N(3) 1.955 .11 1.955 .12 1.955 .11 
Co -N(4) 1.987 .48 1.989 ~51 2.002 .74 
Co -N (5) 1.977 .34 1.972 .28 2.038 1.60 
Co -Cl 2.221 .04 2.222 .05 2.248 .24 
N ( 1) -C ( 5) 1.498 .02 1.497 .02 1.506 .10 
N(l)-C(6) 1.500 .04 1.502 .06 1.563 2.33 
N(l)-C(8) 1.508 .14 1.507 .12 1.548 1.46 
N(2)-C(9) 1.493 .00 1.491 .00 1.531 .71 
N(3)-C(7) 1.498 .02 1.499 .04 1.497 .02 
N(4)-C(3) 1.503 .08 1.502 .06 1.494 .01 
N(4)-C(l) 1.505 .09 1.503 .07 1.504 .09 
N ( 5) -C ( 2) 1.493 .01 1.495 .01 1.512 .22 
N(4)-C(4) 1.510 .17 1.510 .17 1.504 .09 
C(2)-C(3) 1.497 .00 1.500 .00 1.511 .05 
C ( 4) -C ( 5) 1.511 .05 1.510 .04 1.566 1.55 
C(6)-C(7) 1.509 .03 1.506 .01 1.577 2.12 
C(8)-C(9) 1.498 .00 1.500 .00 1.375 5.59 
Bond torsion angles deg. kcal/mol deg. kcal/mol deg. kcal/mol 
Co -N(l)-C(5)-C(4) 43.0 .29 44.1 .25 46.8 .18 
Co -N(l)-C(6)-C(7) -44.2 .25 -40.3 .37 -47.6 .16 
Co -N(l)-C(8)-C(9) -21.8 1.09 28.9 .82 - 3.7 1.53 
Co -N(2)-C(9)-C(8) -37.9 .46 37.4 .48 -10.7 1.42 
Co -N(3)-C(7)-C(6) -20.7 1.13 -17.0 1.25 -24.4 .99 
Co -N(4)-C(3)-C(2) -43.7 .26 -45.7 .21 -41.0 .35 
Co -N(4)-C(4)-C(5) 21.1 1.12 17.7 1.23 26.3 .92 
Co -N(4)-C(l)-H(39) 66.0 .04 -168.3 .14 
Co -N(5)-C(2)-C(3) -23.2 1.04 -20.1 1.15 -20.3 1.14 
N(5)-C( 2) -C(3)-N(4) 44.1 .41 43.5 .44 41.3 .55 
N(4)-C(4)-C(5)-N(l) -43.3 .45 -41.3 .55 -47.7 .25 
N(l)-C(6)-C(7)-N(3) 42.7 .48 37.5 .77 46.1 .32 
N(l)-C(8)-C(9)-N(2) 38.4 .72 -43.4 .44 9.2 2.35 
TABLE C.42 
t-(R)-Co(rnetrenen)Cl 2+ 
8 conformer A conformer crystal 
Bond angles deg. kcal/rnol deg. kcal/rnol deg. 
kcal/rnol 
Co -N ( 5) -C ( 2) 111.8 .05 111.6 .04 109.3 .00 
Co -N(4)-C(3) 106.1 .10 105.3 .15 106.2 
.10 
Co -N(4)-C(4) 106.9 .06 107.7 .03 107.4 
.04 
Co -N ( 1) -C ( 5) 105.4 .14 105.7 .13 108.4 
. 01 
Co -N(l)-C(6) 106.4 .08 107.8 .03 106.1 
. 10 
Co -N(3)-C(7) 110.0 .00 110.9 .02 112.0 
.06 
Co -N(l)-C(8) 111.5 .04 1Q9.7 .00 112.7 
.09 
Co -N(2)-C(9) 109.8 .00 108.8 .00 112.1 
.06 
Co -N(4)-C(l) 116.6 .45 116.5 .43 117.4 
.54 
N(l)-Co -N ( 2) 86.l .23 87.4 .10 86.0 
.24 
N(l)-Co -N ( 3) 87.4 .10 87.2 . l-2 87.7 
.08 
N(l)-Co -N(4) 89.3 .01 88.5 .04 87.7 
. 08 
N(l)-Co -N ( 5) 97.1 .74 96.6 .65 97.2 .77 
N(l)-C(5)-C(4) 109.4 .00 109.4 .00 104.2 .61 
N(l)-C(6)-C(7) 108.3 .03 109.6 .00 105.4 .36 
N(l)-C(8)-C(9) 110.3 .01 109.9 .00 114.3 .50 
N(2)-Co -N (3) 92.4 .08 90.6 .01 91.9 
.05 
N(2)-Co -N (4) 95.7 .48 97.0 .73 96.2 
.56 
N(2)-C(9)-C(8) 108.6 .02 108.3 .03 114.0 .45 
N(2)-Co -Cl 87.9 .10 87.4 .16 88.9 
. 03 
N(3)-Co -N ( 5) 86.4 .19 86.9 .14 85.4 
.32 
N(3)-C(7)-C(6) 109.8 .00 110.3 .01 106.8 .16 
N(3)-Co -Cl 90.4 .00 91.0 .02 91.2 
. 03 
N(4)-Co -N ( 5) 85.8 .26 85.8 .26 86.8 
.15 
N(4)-C(3)-C(2) 110.1 .01 109.7 .00 112.2 
. 17 
N(4)-C(4)-C(5) 111.4 .08 111.2 .06 110.3 
.01 
N(4)-Co -Cl 93.8 .31 94.0 .35 94.0 
.35 
N(5)-C(2)-C(3) 108.2 .03 108.7 .01 110.0 
.01 
N(S)-Co -Cl 88.9 .03 88.6 .OS 87.8 
.11 
C(3)-N(4)-C(4) 110.9 .05 110.5 .02 111.9 .13 
( 3) -N ( 4) -C ( 1) 106.7 .18 107.7 . 07 106.7 . 17 
C(4)-N(4)-C(l) 109.6 .00 109.0 .01 107.4 .10 
C(5)-N(l)-C(6) 112.5 .20 111.6 .10 107.7 
.07 
C(5)-N(l)-C(8) 111.8 .11 110.1 .01 110.0 
.01 
C(6)-N(l)-C(8) 109.l .00 111.8 . 12 111.6 
.10 
TABLE C.43 
Non-bonded interactions exceeding 0.3 kcal/mol 
t-(R)-Co(metrenen)Cl 2+ 
0 
0 
0 conformer A kcal/mol ),. conformer A kcal/mol 
C (3)-H(l6) 2.52 .33 C (3)-H(l6) 2.50 .38 
C (5)-H (5) 2.53 .30 C (5)-H (5) 2.50 .36 
C (6)-H (6) 2.46 .47 H (1)-C ( 1) 2.48 .42 
H (l)-H(39) 2.23 .35 H (l)-H(41) 2.04 .92 
H (2)-H(ll) 2.14 .55 H (2)-H(ll) 2.24 .31 
H (3)-H(15) 2.15 .52 H (4)-H(l0) 2.09 .72 
H (3)-H(39) 2.05 .88 H (5)-H(l5) 2.15 .54 
H (5)-H(13) 2.19 .42 H (6)-H ( 8) 2.20 .41 
H (6) -H (9) 2.16 .50 H (7)-H(l4) 2.22 .36 
H (8)-H(22) 2.10 1.07 H (7)-H(21) 2.07 . 80 
H (9)-H(ll) 2.24 .31 H (9)-H(l2) 2.21 .37 
H(l0)-H(l2) 2.23 .34 H(l0)-H(ll) 2.25 .31 
H(14)-H(l7) 2.05 .88 H(14)-H(l7) 2.11 .66 
H(15)-C ( 1) 2.50 .37 H(15)-C ( 1) 2.47 .45 
H(16)-H(20) 2.24 .31 H(15)-H(l4) 2.19 .41 
H(l8)-H(21) 2.21 .37 H(l6)-H(l9) 2.24 .32 
H(21)-Cl 2.65 .49 H(18)-H(22) 2.21 .38 
Cl -H(41) 2.72 .31 H(20)-Cl 2.69 .37 
H(22)-Cl 2.67 .44 
